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ABSTRACT  
Ni-based superalloys are resistant to high temperature oxidation due to the formation of a 
protective alumina scale known as a thermally grown oxide (TGO). The growth of the TGO 
in thermal barrier coatings (TBCs) is responsible for the spallation failure of the coatings. 
It is important to study grain boundary (GB) transport in alumina to understand the 
mechanisms of the growth of the alumina scale. This work studied the grain boundary 
transport in alumina from two aspects. The first was to study the effect of oxygen partial 
pressure (𝑃O2) on the grain boundary transport in alumina. During the formation, there is a 
large 𝑃O2  gradient across the alumina scale. But how the grain boundary transport varies 
under different 𝑃O2  inside the alumina scale is still under debate. The second was to study 
the effect of Hf-doping on the grain boundary transport in alumina at different temperatures. 
It is well known that the addition of reactive elements, such as Hf and Y, can effectively 
increase the oxidation resistance of the alumina forming alloys. But the mechanism by 
which Hf-doping has a beneficial effect on slowing down grain boundary transport in 
alumina is still unclear. 
In the first part of this study, grain boundary transport was measured in alumina under 
𝑃O2  ranging from 10
-10 to 10-18 at 1400°C. Dense polycrystalline alumina samples 
containing nickel aluminate spinel marker particles were reduced and the reduction rates 
were measured at different 𝑃O2 . The results showed that the dependence of the grain 
boundary transport on 𝑃O2  is mainly due to the driving force, which is the gradient of 𝑃O2 
across the alumina. The point defect model which is most consistent with the measured 
results is one that assumes ionic diffusion determines the overall transport and the 
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concentration of ionic defects is determined by impurities. The results of this study confirm 
that transport in a formed alumina scale is controlled by extrinsic defects and not by 
intrinsic defects as suggested by other researchers. 
The second part of this study uses the oxidation of Ni marker particles to measure the 
influence of Hf4+ on the grain boundary transport in polycrystalline alumina. At 
temperatures above 1250°C, 500ppm Hf doping retarded the transport by a factor of 8, 
whereas the retardation increased to a factor of 20 below 1200°C. The GB structures in 
samples subjected to oxidation heat-treatments at 1400°C and 1150°C were studied using 
aberration-corrected high-angle annular dark field (HAADF) scanning transmission 
electron microscopy (STEM) imaging. The results show that Hf4+ strongly segregated at 
alumina grain boundaries and occupied Al3+ sites. There was a large frequency of GBs 
exhibiting {2-1-10} facets at 1400°C. Whereas at 1150°C, there was a large proportion of 
non-faceted GBs. Together with the previous results of the effect of Hf concentration on 
grain boundary transport in alumina, the results showed that the effect of Hf-doping on 
slowing down grain boundary transport in alumina is consistent with a site-blocking 
mechanism. These results taken together indicate a possible occurrence of a grain boundary 
complexion transition taking place in the current system. This study has revealed novel 
aspects of the oxidation behavior in Hf-doped alumina, and also suggested a complex 
influence of dopants and temperature on the GB structures and kinetic properties. 
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CHAPTER 1 INTRODUCTION  
High temperature gas turbine systems rely on a thermal protection coating system 
comprising a metallic bond coat and a ceramic coating. During service, oxidation of the 
bond coat results in the formation of an alumina layer whose growth rate dictates the 
lifetime of the coating[1–3]. Thus, the study of the transport mechanisms in this alumina 
layer is of considerable scientific and technological importance. 
Alumina scales experience large gradients of oxygen partial pressure (𝑃O2)[4], but it is 
unclear how 𝑃O2 affects grain boundary transport in alumina. It has been generally assumed 
that alumina exhibits negligible nonstoichiometry and that the concentration of point 
defects is independent of 𝑃O2 . However, recent high temperature oxygen permeation 
experiments by Kitaoka et al.[5–9] at 1650°C suggested a dependence of grain boundary 
diffusivities on 𝑃O2 , which was interpreted using an intrinsic point defect chemistry model. 
In order to shed more light on this subject, GB transport rates were measured in alumina 
under 𝑃O2  from 10
-10 to 10-20 at 1400°C. The results will be discussed in terms of the 
functional dependence of the GB transport on 𝑃O2 , and the implications for the role of 
alumina nonstoichiometry (if any). 
It is well known that reactive elements, such as Hf, Y and Zr, can retard oxidation of 
alumina forming alloys[10,11]. Many studies have sought to understand the mechanisms 
by which oxidation is inhibited[10–14]. However, the complex chemistry of commercial 
high-temperature alloys makes a detailed analysis of these systems rather difficult. For this 
reason, a Ni marker experiment has been employed to study the effect of reactive elements 
on the oxidation behavior in alumina[15,16]. Previous study has given some indications 
4 
 
that multiple diffusion mechanisms may be operative at grain boundaries owing to 
boundary transitions that modify local structure and chemistry[17]. To assess the impact 
of such transitions on transport, more oxidation experiments at low temperatures were 
conducted. Also, the structures of many GBs were characterized using atomic resolution 
STEM to complete the comparison of the GB structures between samples subjected to 
oxidation heat-treatments at 1400°C and 1150°C. The kinetic data will be correlated with 
GB structures for understanding the effect of RE dopants in this technologically important 
temperature regime. 
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CHAPTER 2 BACKGROUND 
This chapter provides a basic review and analysis of relevant prior research in the literature. 
2.1 Effects of Reactive Elements on the Growth of Alumina Scales 
Alumina scales form on the surface of Ni-based and Fe-based alumina forming alloys when 
the alloys are exposed at high operating temperatures in oxidizing atmosphere. The growth 
of alumina scales is ultimately responsible for the spallation failure of thermal barrier 
coatings (TBCs)[1,2,18]. Many studies have been done to understand the growth 
mechanisms of alumina scales, and on strategies for slowing down the growth rate of 
alumina scales[11,12,19–21].  
The grown alumina scales are polycrystalline α-Al2O3[22,23]. Since lattice diffusion is 
so slow in alumina, the diffusion through alumina scales is dominated by grain boundary 
diffusion[24]. Alumina scales were believed to grow predominantly by O inward diffusion 
from inert Pt marker studies[25,26]. But more recent two-stage oxidation studies indicated 
that a considerable amount of Al outward diffusion occurred during scale growth[19,27–
32]. Figure 2.1 shows the oxygen isotope profile after two-stage oxidation of an FeCrAl 
alloy at 1000°C first in 16O2 for 2.5h, then in 
18O2 for 5h[30]. There is a large peak of 
18O 
present at the scale-gas interface. Part of the presence of 18O was due to oxygen isotope 
exchange, but the majority of 18O was believed to be due to new oxide formation from Al 
outward diffusion[10]. 
It has been found that the addition of reactive elements (e.g. Hf, Y, Zr) can effectively 
increase the oxidation resistance of alumina forming alloys[10,12,33,34]. Figure 2.2 shows 
Hf-doping and Zr-doping reduced the alumina scale growth rate by a factor of 10 during 
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the oxidation of a β-NiAl alloy at 1200°C[34]. Table 2.1 shows the summarized results on 
the effect of reactive element addition on oxidation rates[10]. Among all the studies, Hf 
was found to be one of the most effective elements that could slow down alumina scale 
growth rate[33]. Figure 2.3 shows the effects of various reactive elements and their 
combinations on the oxidation rate of FeCrAl alloys at 1200°C. 500ppm Hf-doped sample 
had the lowest oxidation rate. 
Many researchers tried to understand the mechanisms of the effects of reactive elements 
on reducing growth rate of alumina scale. Two-stage oxidation experiments showed that 
RE doping effectively reduces Al outward diffusion but has little effect on O inward 
diffusion[10,27–32,35,36]. TEM studies showed that reactive elements segregate at GBs 
in alumina scales[37]. The mechanisms of Hf-doping on slowing down grain boundary 
transport in alumina is a topic of this investigation, and will be discussed in 5.2. 
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Figure 2.1 Oxygen isotope profile after two-stage oxidation of an FeCrAl alloy oxidized at 
1000°C first in 16O2 for 2.5h, then in 
18O2 for 5h[30]. 
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Figure 2.2 Isothermal weight gains at 1200°C plotted versus the square root of time[34]. 
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Table 2.1 Effect of reactive element addition on oxidation rates[10]. 
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Figure 2.3 Oxidation rates for various commercial and laboratory FeCrAl compositions at 
1200°C. 
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2.2 Wagner Oxidation Theory 
The mechanisms and rates of oxidizing a metal, M, to a compound, MaXb, is described in 
this section according to the models developed by Wagner. The same analysis can be 
applied to reducing a compound, MaXb, to a metal, M. Wagner provided a theory for 
understanding oxidation of pure metals[38–40]. For an ionic compound MaXb, diffusion of 
cations, M𝑧𝑚 , anions, X𝑧𝑥  and electrons, 𝑒− , were considered. Figure 2.4 shows a 
schematic diagram of the formation of an oxide, MO, according to Wagner’s model. 
Several assumptions were made for the derivation. These charged particles were assumed 
to migrate independently of each other. The migration of these charged particles was 
assumed to control the rate of oxidation by assuming the reaction happened much faster 
than diffusion. It was also assumed that thermodynamic equilibrium was established at the 
oxidation front, the surface and throughout the oxidized region. 
Since the diffusion of the charged particles is not equal, a separation of charges takes 
place across the oxidized region. The resulting space charge creates an electric field which 
opposes a further separation of charges, and a stationary state is reached for which no net 
electric current flows through the oxidized region. For each type of particle i ( M𝑧𝑚, X𝑧𝑥 
and 𝑒−), the flux is given by Eq. ( 2.1 ), 
 
𝐽𝑖 = −
𝐷𝑖𝐶𝑖
𝑅𝑇
(
𝑑𝜇𝑖
𝑑𝑥
+ 𝑧𝑖𝐹
𝑑𝜑
𝑑𝑥
) ( 2.1 ) 
where Di is the diffusivity, Ci is the concentration, R is the gas constant, T is the temperature, 
μi is the chemical potential, zi is the charge, F is the Faraday constant and φ is the generated 
electrical potential. After applying the Nernst–Einstein Equation: 
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 𝜎𝑖
(𝑧𝑖𝐹)2
=
𝐷𝑖𝐶𝑖
𝑅𝑇
 ( 2.2 ) 
Eq. ( 2.1 ) can be expressed as: 
 
𝐽𝑖 = −
𝜎𝑡𝑖
(𝑧𝑖𝐹)2
(
𝑑𝜇
𝑑𝑥
+ 𝑧𝑖𝐹
𝑑𝜑
𝑑𝑥
) ( 2.3 ) 
Where σ is the total electrical conductivity and ti is the transference number for species i.  
Using the electrical neutrality relation and with the assumption that thermodynamic 
equilibrium was established at the oxidation front, the surface and throughout the oxidized 
region, the total flux of MaXb formed can be derived as: 
 
𝐽M𝑎X𝑏 =
𝜎𝑡𝑖𝑜𝑛𝑡𝑒
𝑏𝑧𝑥2𝐹2
𝑑𝜇𝑥
0
𝑑𝑥
 ( 2.4 ) 
where tion is the total ionic transference number, te is the total electronic transference 
number and 𝜇𝑥
0 is the chemical potential of species X at its neutral state. For oxides, X is 
oxygen. The chemical potential of oxygen can be calculated using oxygen partial pressure, 
𝑃O2 . 
 
𝑑𝜇O
0 =
1
2
𝑅𝑇𝑑ln𝑃O2 ( 2.5 ) 
And by assuming steady state is maintained through the oxides, Eq. ( 2.4 ) can be integrated 
over the thickness of the oxides, l. 
 
𝐽M𝑎O𝑏 =
1
𝑙
𝑅𝑇
8𝑏𝐹2
∫ 𝜎𝑡𝑖𝑜𝑛𝑡𝑒
𝑃O2
ℎ𝑖𝑔ℎ
𝑃O2
𝑙𝑜𝑤
𝑑ln𝑃O2  ( 2.6 ) 
Eq. ( 2.6 ) can be expressed using cation and anion diffusivity by the Nernst-Einstein 
Equation. 
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𝐽M𝑎O𝑏 =
1
𝑙
𝐶O
2𝑏
∫ (
𝑧𝑚
2
𝐷M + 𝐷O)𝑡𝑒
𝑃O2
ℎ𝑖𝑔ℎ
𝑃O2
𝑙𝑜𝑤
𝑑ln𝑃O2  ( 2.7 ) 
where CO is the concentration of oxygen in the oxide, 𝐷M  and 𝐷O  are the effective 
diffusivities of cations and anions. For polycrystalline materials, in which grain boundary 
diffusion is much faster than lattice diffusion.  
 
𝐷𝑖 =
2𝛿
𝐺
𝐷𝑖
𝐺𝐵 ( 2.8 ) 
where 𝛿 is the width of GBs and G is the grain size. All grains are assumed to have size 
and cubic shape and all grain boundaries are assumed to have the same width to derive this 
equation. 
The growth rate of the oxide is proportional to 𝐽M𝑎O𝑏 . Eq. ( 2.6 ) shows that the growth 
rate is determined by two factors. The first is the thermodynamic driving force, which is 
the gradient of 𝑃O2  across the oxide. The second factor is the ionic conductivity and 
electronic conductivity which are both kinetic parameters of the material. It is worth noting 
that since the derivation above assumes that transport determines the overall oxidation 
process, the equation derived can also be applied to the reduction process which is 
determined by transport. 
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Figure 2.4 Schematic diagram of the formation of an oxide, MO, according to Wagner’s 
model. 
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2.3 Electrical Conduction in Alumina 
Electrical conductivity and ionic transference number in alumina at high temperature have 
been measured in both ceramics and in alloy-scale systems[41–47]. The total electrical 
conductivity in alumina generally falls into the same range, while there is a large 
discrepancy between the results of the ionic transference number in alumina.  
The electromotive force (EMF) method has been used to determine ionic transference 
numbers in alumina. Under a 𝑃O2  gradient, oxygen diffuses through alumina and generates 
an electrical potential across alumina, as mentioned in 2.2. It can be derived the relationship 
between the voltage measured across alumina, ΔV, and ionic transference number through 
Eq. ( 2.9 ). 
 
∆𝑉 =
𝑅𝑇
4𝐹
∫ 𝑡𝑖𝑜𝑛
𝑃O2
ℎ𝑖𝑔ℎ
𝑃O2
𝑙𝑜𝑤
𝑑ln𝑃O2 ( 2.9 ) 
By fixing 𝑃O2
𝑙𝑜𝑤 on one side of alumina, and measuring ΔV under different 𝑃O2
ℎ𝑖𝑔ℎ
 on the 
other side, 𝑡𝑖𝑜𝑛 can be determined by Eq. ( 2.10 ). 
 
𝑡𝑖𝑜𝑛 =
𝜕(4𝐹∆𝑉/𝑅𝑇)
𝜕 ln𝑃O2
ℎ𝑖𝑔ℎ
 ( 2.10 ) 
Pappis and Kingery found that the total electrical conductivity of single-crystal and 
polycrystalline alumina were similar at temperature from 1300°C to 1750°C, and under 
oxygen partial pressure from 10-10 to 1[41]. Alumina exhibits p-type conductivity at high 
𝑃O2  and n-type conductivity at low 𝑃O2 . Electronic conduction was believed to dominate 
the total conduction. An extrinsic defect model was applied to explain the results. 
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Kitazawa and Coble measured the electrical conductivity and ionic transference number 
in single-crystal and polycrystalline alumina[42]. They also found that total electrical 
conduction of single-crystal alumina and polycrystalline alumina behaved alike. From 
1200°C to 1600°C, single-crystal alumina exhibited intrinsic electronic conduction under 
low and high 𝑃O2 , and extrinsic ionic conduction under intermediate 𝑃O2 , while 
polycrystalline alumina exhibited intrinsic electronic conduction over the whole 
temperature range. They attributed this difference to an enhanced electronic conductivity 
at grain boundaries in polycrystalline alumina. They also measured the ionic transference 
number in MgO-doped polycrystalline alumina at different temperatures under the same 
𝑃O2  gradient and at 1012°C under different 𝑃O2  gradient. Figure 2.5A shows that electronic 
conduction became more predominant at higher temperature, and Figure 2.5B shows that 
at 1012°C, ionic transference number varied from 0.01 to 0.21 as 𝑃O2  decreased from 10
-9 
to 10-15. Their results indicate that even the ionic transference number in MgO-doped 
polycrystalline alumina depended on 𝑃O2 , it was much smaller than electronic transference 
number at 1100°C and above. 
Chen and Kroger measured the electrical conductivity and ionic transference number in 
Ni doped single-crystal alumina at 1500°C and 1600°C[43]. The total conductivity was 
within the range of the results Kitazawa and Coble measured, but about 2 orders of 
magnitude lower than Pappis and Kingery’s results. They found that the ionic transference 
number is close to 1 under 𝑃O2  below 10
-3. 
There are also studies that measured the electrical properties of alumina scales. Sheasby 
and Jory found that alumina scales formed on a Pt-Al alloy behaved as a mixed conductor 
17 
 
(tion~0.5) down to 10
-15, and as a majority electronic conductor under lower 𝑃O2  at 
1100°C[44]. Nicolas-Chaubet et al. developed a formalism which allowed them to use 
potential-current curves at various 𝑃O2  to determine the conductivity as a function of 
𝑃O2 [45]. They showed that alumina scales formed on a β-NiAl alloy behaved as an 
electronic conductor under 𝑃O2  above 10
-8, and as an ionic conductor under 𝑃O2  below 10
-
8 at 1100°C[46]. Balmain and Huntz adopted the formalism that Nicolas-Chaubet et al. 
developed and showed that the ionic transference number in alumina scales formed on a β-
NiAl alloy increased from near 0 to 0.55 as 𝑃O2  decreased from 1 to 10
-14 at 1100°C[47]. 
These results were summarized in Figure 2.6.  
The results in the literature show that there is no agreement on the value of ionic 
transference number in polycrystalline alumina. However, the results from Balmain and 
Huntz had a similar trend as the results from Kitazawa and Coble. They both found that 
the ionic transference number in polycrystalline alumina increased at lower 𝑃O2  below 
1100°C. Furthermore, Kitazawa and Coble found that the ionic transference number 
became much smaller than electronic transference number when temperature was above 
1100°C. 
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Figure 2.5 Dependence of ionic transference number on (A) temperature and (B) 𝑃O2 in 
MgO-doped alumina[42]. 
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Figure 2.6 Dependence of ionic transference number in alumina scale on 𝑃O2  measured in 
alloy-scale systems at 1100°C[44,46,47]. 
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2.4 Point Defect Chemistry of Alumina 
Point defect chemistry can be used to explain transport behavior in material 
phenomena[48]. The major types of intrinsic ionic defects in alumina are Schottky defects, 
aluminum and oxygen Frenkel defects. The formation of Schottky defects can be expressed 
by Eq. ( 2.11 ). 
 𝑛𝑢𝑙𝑙 = 2𝑉Al
′′′ + 3𝑉O
∙∙ ( 2.11 ) 
where 𝑉Al
′′′ represents an aluminum vacancy and 𝑉O
∙∙ represents an oxygen vacancy. Kroger-
Vink notation is used in this dissertation to describe point defects. Aluminum and oxygen 
Frenkel defects can be expressed by Eq. ( 2.12 ) and Eq. ( 2.13 ) respectively. 
 𝑛𝑢𝑙𝑙 = 𝑉Al
′′′ + Al𝑖
∙∙∙ ( 2.12 ) 
where Al𝑖
∙∙∙ represents an aluminum interstitial. 
 𝑛𝑢𝑙𝑙 = 𝑉O
∙∙ + O𝑖
′′ ( 2.13 ) 
where O𝑖
′′ represents an oxygen interstitial. 
The formation energy of these defects has been studied by both experiments and 
theoretical calculation. Kroger et al. measured the concentration of Ti3+ and Ti4+ in Ti-
doped alumina and the concentration of Fe2+ and Fe3+ in Fe-doped alumina to calculate the 
formation energy of Schottky defects and aluminum Frenkel defects[49–52]. Matsunaga et 
al.[53] and Hine et al.[54] used density functional theory (DFT) calculation to calculate the 
formation energies. Catlow et al.[55], Grimes[56] and Lagerlof et al.[57] also used 
empirical methods to calculate the formation energies. The results in the literature are 
summarized in Table 2.2. There is good agreement between the experimental data and the 
DFT calculations. The relative formation energies in alumina are Schottky < Al Frenkel < 
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O Frenkel. This indicates that 𝑉Al
′′′ and 𝑉O
∙∙ are the dominant intrinsic defects in undoped 
alumina. 
The intrinsic electronic defects in alumina are electrons and holes. The formation of 
these two defects can be expressed by Eq. ( 2.14 ). 
 𝑛𝑢𝑙𝑙 = 𝑒′ + ℎ∙ ( 2.14 ) 
Kroger et al.[52] used the value of 10.4eV as the band gap of alumina at 0K[58], while 
both Matsunaga et al.[53] and Hine et al.[54] used the value of 9.1eV as the band gap of 
alumina at 0K[59]. 
Chen and Kroger[43] also calculated the formation energies of intrinsic defects in Ni-
doped alumina.  
 1
2
O2 = OO
× +
2
3
𝑉Al
′′′ + 2ℎ∙ ( 2.15 ) 
The formation energy of Eq. ( 2.15 ), ΔHp, is 11.72eV.  
 
OO
× =
1
2
O2 ↑ +𝑉O
∙∙ + 2𝑒′ ( 2.16 ) 
The formation energy of Eq. ( 2.16 ), ΔHn, is 15.36eV. 
 
OO
× =
1
2
O2 ↑ +
2
3
Al𝑖
∙∙∙ + 2𝑒′ ( 2.17 ) 
The formation energy of Eq. ( 2.17 ), ΔHn’, is 14.91eV. 
Using formation energy, the concentration of each defect at a given temperature can be 
calculated by assuming the formation entropy is 0.5meV/K for each defect and 2meV/k for 
O2[48,60]. 
Besides point defects, defect complexes and associates have also been reported to be 
important in alumina[61,62]. The formation of defect clusters could reduce the 
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concentration of individual point defects, and the overall transport can be determined by 
defect clusters. 
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Table 2.2 Schottky and Frenkel formation energies in alumina. 
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2.5 Grain Boundary Diffusion in Alumina 
Many researchers have studied grain boundary diffusion in alumina and there are still 
several critical unanswered questions. First, due to the difficulty of conducting Al isotope 
tracer diffusion experiments, the data of Al GB diffusivity is scarce. The relative magnitude 
between Al GB diffusivity and O GB diffusivity is unclear. Creep indicated that aluminum 
GB diffusion is slower than oxygen GB diffusion[63], while two-stage oxidation 
experiments showed that Al outward diffusion is comparable with O inward diffusion[10]. 
Second, although the data on O GB diffusion is extensive, there is a large discrepancy 
of several orders of magnitude between the results[24]. The discrepancy is not only due to 
different experimental conditions, but also comes from the different methods used to 
extract the data. O GB diffusivities calculated from oxidation experiments are usually 
larger than those extracted from isotope exchange with SIMS measurement.  
Third, although the variability of O GB diffusivities have been noticed[64,65], the 
details on how a GB structure affects the Al and O diffusivity is still unknown. 
Regardless of these open questions, it is widely agreed that doping can effectively 
change O and Al GB diffusivities in alumina. Y-doping has been found to reduce both O 
and Al GB diffusion in alumina by SIMS study[66], oxidation work[10] and creep tests[63]. 
A recent study using 26Al isotope showed that Al GB diffusion is the same in undoped 
alumina and Y-doped alumina[67]. Their results contradict these many previous studies, 
which may be caused by problems during the production and determination of 26Al[24]. 
Recent high temperature oxygen permeation experiments[5–9] showed oxygen GB 
diffusivity depends on 𝑃O2  in both undoped and doped alumina. The authors used an 
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intrinsic point defect model to explain their results, an analysis that is contradictory to 
traditional thinking. As a highly stochiometric compound, the concentration of intrinsic 
nonstoichiometric generated defects is so low that the defect concentration in alumina 
should be determined by the impurity level. Using the formation energy reported by Kroger 
et al.[52], at the experimental condition of the oxygen permeation experiments, the oxygen 
vacancy concentration generated due to intrinsic is at the level of 0.01ppm, which is 
extremely low compared to the impurity level in the purest alumina powder, which is about 
50ppm. The viability of applying an intrinsic model to grain boundary transport will be 
discussed in 5.1.4.2. Kitaoka et al.’s results also showed that Hf-doping has no effect on O 
GB diffusion[5–9], which conflicts with conventional wisdom and is a topic of this 
investigation. 
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2.6 Grain Boundary Complexions in Alumina 
A grain boundary complexion is defined as an interfacial material or strata that is in 
thermodynamic equilibrium with its abutting phase(s)[68]. Grain boundaries exhibit phase-
like behavior in which their structure, chemistry and properties may change 
discontinuously at critical values of thermodynamic parameters such as temperature, 
pressure and chemical potential. Therefore, grain boundaries can be treated as 
thermodynamically stable interfacial states. To differentiate these interfacial states from 
bulk phases, the term “complexion” has been introduced.  
Dillon and Harmer studied grain growth behavior in alumina over a large range of 
temperatures and chemistries, and categorized different GBs in alumina into six discrete 
types of complexions with dramatically different GB mobilities and different 
corresponding structures[69]. Figure 2.7 shows the six distinct regimes of GB mobility in 
alumina associated with the six discrete corresponding complexions. Figure 2.8 shows 
examples of the grain boundary structures of the six types of complexions. They concluded 
that abnormal grain growth is the result of the coexistence of two or more different 
complexions. They found that Nd-doped alumina showed abnormal grain growth above 
1500°C, and the GBs between small and small grains were type I complexion while the 
GBs along the abnormally large grains were type III complexion. Since complexion III has 
a much faster mobility than complexion I, abnormal grain growth occurred in the system. 
Cantwell et al. reviewed the history and theory of grain boundary complexion transitions, 
their role in materials processing and their effect on materials properties[68]. They also 
summarized the techniques to characterize grain boundary complexions. Broadly speaking, 
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the techniques can be divided into direct characterization techniques, which permit 
visualization of the grain boundary structure and chemistry as well as quantification of 
compositional profiles across the grain boundary, and indirect characterization techniques, 
which measure changes in properties that depend upon grain boundary structure and 
chemistry, e.g. mobility, diffusivity, cohesive strength, and electrical and thermal 
properties. No single method, whether direct or indirect, can fully characterize a grain 
boundary complexion. The best approach to characterizing grain boundary complexion 
transitions is to use a combination of techniques. 
Complexions can undergo transitions, and complexion transitions are the root cause of 
a wide variety of materials phenomena, such as abnormal grain growth, GB embrittlement 
and activated sintering[68,70–73]. By better understanding and controlling GB complexion 
transitions, it will be possible to advance the science of GB complexion engineering and 
develop new materials with novel behavior and dramatically improved properties. 
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Figure 2.7 Grain boundary mobility in doped and undoped alumina, showing six distinct 
regimes of mobility corresponding to the six discrete complexions which are shown 
schematically. The grain boundary mobility were plotted versus inverse temperature for 
undoped, 30 ppm calcia-doped, 100 ppm calcia-doped, 200 ppm silica-doped, 100 ppm 
neodymia-doped and 500 ppm magnesia-doped alumina[69]. 
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Figure 2.8 High-angle annular dark-field scanning transmission electron micrographs of 
the six corresponding complexions shown Figure 2.7. (a) complexion I, (b) complexion II 
and (c) complexion III, and high-resolution transmission electron micrographs of (d) 
complexion IV, (e) complexion V and (f) complexion VI. Complexions I, II and III are 
not directly differentiable by HRTEM. Bright spots in the HAADF-STEM images 
indicate the presence of neodymium. Complexion I shows sub-monolayer adsorption, 
complexion II shows no segregation and complexion III shows bilayer adsorption where 
the width of the boundary is 0.35 nm. Complexion IV shows a 0.6 nm disordered layer 
(multi-layer adsorption), complexion V is a ~1.5 nm intergranular film and complexion 
VI contains a thicker wetting intergranular film that may have arbitrary thickness with 
complexion at the liquid/solid interfaces[69]. 
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Figure 2.9 Schematic showing grain boundaries traced with colors corresponding to their 
complexion types[69]. 
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CHAPTER 3 STATEMENT OF PURPOSE 
The purpose of this study is to understand the grain boundary transport mechanisms 
associated with oxidation behavior in alumina. The current work studied the effect of 
oxygen partial pressure on the grain boundary transport in alumina, and the effect of Hf-
doping on the grain boundary transport in alumina at different temperatures. 
There are two objectives of the first part of the current study. The first is to determine 
the dependence of grain boundary transport on oxygen partial pressure in alumina. The 
second is to understand how oxygen partial pressure and point defect chemistry affects 
grain boundary transport in alumina. This will be accomplished by measuring transport in 
polycrystalline alumina under 𝑃O2  from 10
-10 to 10-18, and comparing the measured results 
with predictions from different point defect models. 
The objectives of the second part of this study are determining the effect of Hf-doping 
on the oxidation behavior in alumina at different temperatures, and understanding the 
mechanism by which Hf-doping retards grain boundary transport in alumina. Oxidation 
rates will be measured at different temperatures. Grain boundary structures in Hf-doped 
alumina will be characterized and correlated with the results. 
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CHAPTER 4 EXPERIMENTAL PROCEDURE 
This chapter describes the experimental techniques and procedures employed to prepare 
the samples and acquire the data. It includes powder processing, sample preparation and 
microstructure characterization. The aim of this chapter is to provide adequate procedural 
details for an independent researcher to reproduce the experimental results. 
4.1 Labware Cleaning 
For all the powder or samples with different composition, different sets of labware were 
used to avoid cross contamination. The labware which had contact with any powder or 
sample during the processing steps were cleaned before being used. The cleaning was 
conducted in a clean room. Chemicals were used in a fume hood (Hamilton Laboratory 
Solutions, Manitowoc, WI) to clean the labware. The cleaning procedure is listed below: 
1. The labware was rinsed with deionized (D.I.) water, which is purified tap water by 
Thermo Scientific™ Barnstead™ E-Pure™ filter (Thermo Fisher Scientific, 
Waltham, MA) with resistivity above 10×1023Ω·cm. Kimwipes (Kimberly-Clark, 
Irving, TX) were sued to wipe off any substance on the surface. 
2. The labware was soaked in aqua regia (a mixture of 3 parts hydrochloride aid 
(Merck Millipore, Billerica, MA) and 1 part nitric acid (Merck Millipore, Billerica, 
MA)) for 1h to remove inorganic contamination. For the labware which were used 
to contain powder, only their inside surfaces were cleaned. The used aqua regia was 
poured into a glass bottle for waste disposal and the bottle was labeled. All the lids 
of the containers with aqua regia were kept ajar because this acid evolves gas that 
may cause a closed container to rupture. 
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3. The labware was rinsed with D. I. water three times and soaked in D. I. water for 
12h to remove residual aqua regia. 
4. The labware was soaked in trichloroethylene (Alfa Aesar, Tewksbury, MA) for 6h 
to remove organic contamination. The used trichloroethylene was poured into a 
glass bottle for waste disposal and labeled. 
5. The labware was soaked in acetone (Pharmco-Aaper, Brookfield, CT) for 6h to 
remove residual trichloroethylene. The used acetone was poured into a sink with 
water tap on. 
6. The labware was soaked in ethanol (Decon Laboratories, Inc., King of Prussia, PA) 
for 6hr to remove residual acetone. The used ethanol was poured into a sink with 
tap water on. 
7. The labware was rinsed with D. I. water three times and soaked in D. I. water for 
6h to remove residual ethanol. 
8. The labware was dried in a clean room with Kimwipes wrapped to avoid 
contamination. 
The cleaned labware were stored in Ziploc® bags (S. C. Johnson & Son, Racine, WI) for 
future use. 
4.2 Powder Processing 
Procedures such as doping, and drying were performed inside a clean room. 250ml low-
density polyethylene (LDPE) bottles (Thermo Fisher Scientific, Waltham, MA) were used 
as containers for milling powder due to their translucency for visibility and chemical 
resistance to organic solvents and aqua regia. Alumina milling balls (Union Process, Akron, 
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OH) with 99.9% purity and 3mm diameter were used as milling media. High purity alumina 
milling media was used because it is known that some of the milling media is incorporated 
in the powder during milling. PTFE strainers, PTFE funnels and 1000ml PTFE jars 
(Savillex, Eden Prairie, MN) were used for transferring and containing powder due to their 
translucency for visibility and chemical resistance to organic solvents and aqua regia. 
Magnetic stir bars coated by PTFE (Thermo Fisher Scientific, Waltham, MA) were used 
during drying to assure the uniformity of mixing. 200 proof ethanol (Decon Laboratories, 
Inc., King of Prussia, PA) was used for powder mixing. 
4.2.1 Alumina-Nickel Spinel Composite 
NiAl2O4 doped Al2O3 powder was prepared by mixing NiO powder (Alfa Aesar, 
Tewksbury, MA) with 99.998% purity and Al2O3 powder (AKP-HP, Sumitomo Chemical 
Co., Ltd., Tokyo, Japan) with 99.995% purity and average particle size of 0.45μm. 1.5wt% 
NiO powder was added to yield 0.5vol% Ni on reduction, the metal content utilized 
previously in the Ni-marker particle experiments[15,16]. NiO powder was first ball milled 
in ethanol for 24h to reduce its particle size. About 30vol% milling balls were added to the 
bottle. Then Al2O3 powder was added to the bottle and milled for another 24h to break 
agglomerates and get a uniform mixture. After that, the slurry was poured into a PTFE jar 
with a magnetic stir bar. A PTFE strainer was used to separate the milling balls from the 
slurry. The bottle and the milling balls were rinsed three times using 200 proof ethanol, 
which was collected into the PTFE jar containing the slurry. The PTFE jar was then put on 
a hot plate with stirring and low heat on. A filter paper (GE Healthcare Bio-Sciences, 
Pittsburgh, PA) was put on top of the jar to avoid contamination from the environment but 
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allow ethanol to evaporate. The whole setup was placed in the fume hood in the clean room. 
Once the powder was dry, it was collected into a Ziploc bag, which was then put into a 
second Ziploc bag. A marble rolling pin and cutting board were used to roll over the bags 
to break soft agglomerates. The powder was then placed in an alumina crucible (CoorsTek, 
Inc., Golden, CO) with 99.8% purity, which was embed in pure alumina powder in a larger 
alumina crucible to reduce contamination from the box furnace. The crucibles were placed 
in a box furnace (L & L Special Furnace Co., INC., Aston, PA) and the powder was 
calcined at 750°C for 6h. Calcining the powder removed unevaporated ethanol and any 
organics that may have been picked up from the lab-ware or the atmosphere. The calcined 
powder was again placed in double Ziploc bags and rolled to break up any agglomerates 
that formed during calcination. At this point, the powder was ready for consolidation and 
sintering. 
4.2.2 Hf-doped Alumina-Nickel Composite 
HfO(NO3)2 (Alfa Aesar, Tewksbury, MA) with 99.9% purity was used to prepare HfO2 
doped samples. 500ppm HfO(NO3)2 in molar fraction was added to compare the results 
with previous works[16]. This step was conducted right after adding alumina powder into 
the milling bottle. The sample was dried and calcined by following the same procedure as 
mentioned in 4.2.1. 
4.3 Sintering 
In order to obtain different microstructure, different sintering methods were used. Alumina- 
NiAl2O4 composites were sintered in air to maintain the oxidized form of Ni. Cold isostatic 
pressing (CIP) and pressureless sintering was used to sinter these samples. HfO2 doped 
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alumina-Ni composites were sintered in a reducing atmosphere to obtain metallic Ni 
dispersed in the samples. The formation of Ni in the samples required the sintering 
temperature to be below 1455°C, the melting temperature of Ni. At this temperature, one 
of the assisted sintering methods, Sparks plasma Sintering (SPS), was used to sinter these 
samples. 
4.3.1 Cold Isostatic Pressing and Pressureless Sintering 
The NiAl2O4 doped Al2O3 powder was cold isostatic pressed first to achieve higher packing 
density and better packing homogeneity. High packing density shortens the densification 
time. Inhomogeneity could result in large pores, which could remain in the microstructure 
during the sintering process. The calcined powder was first formed into a pellet using a set 
of alumina die and punches. Then the pellet was put into a nitrile glove (VWR International, 
LLC., Radnor, PA), which was then put into a natural latex rubber bag (Trexler Rubber 
Company Inc., Ravenna, OH). After that, the rubber bag was vacuumed and sealed. The 
sealed rubber bag was put into the cold isostatic press (Fluitron, Inc., Ivyland, PA) and held 
at about 277 MPa (40,000 psi) for 10 min. After the press, the pellet was taken out of the 
rubber bag and the glove carefully to avoid contact with the pressing oil. 
The pellet was placed into an alumina crucible and sintered in a 1700 Series box furnace 
(CM Furnaces Inc., Bloomfield, N.J.). The pellet was put in a double crucible assembly as 
mentioned in 4.2.1. A new set of crucibles were used to avoid the contamination between 
furnaces. The assembly was placed in a box furnace for sintering. The furnace was set to 
ramp up at 5°C/min to 1600°C, hold at 1600°C for 5 h, and ramp down at 5°C/min to room 
temperature.  
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4.3.2 Spark Plasma Sintering 
SPS applies both pressure and electric field to samples to assist sintering. It could 
effectively reduce the sintering temperature and time to achieve dense microstructure with 
relatively small grain size. SPS Model 10-4 (Thermal Technology Inc., Santa Rosa, CA) 
was used in this study. Graphite dies (Thermal Technology Inc., Santa Rosa, CA) with 
20mm inside diameter and 50 mm outside diameter plus a pyrometer hole were used. The 
operation procedure of the SPS is showed below: 
1. A piece of graphite foil (Alfa Aesar, Ward Hill, MA) with 99.8% purity was 
wrapped to just cover the inside surface of a graphite die. The use of the graphite 
foil could avoid diffusion bonding between the powder and the die, and allow the 
die to last longer. 
2. A graphite punch was inserted into the die. A circular graphite foil was placed on 
the surface of the punch for the same purpose mentioned in step 1. 
3. The die was then filled with powder. The optimized amount of powder was between 
6g to 8g for alumina. The number was based on the calculation from the desired 
sample thickness. After cutting off the contaminated surfaces, 2-3mm thickness 
was left. The reason for sintering a relatively thin sample is to avoid nonuniform 
stress field developing in the sample, which may result in nonuniform 
microstructure in the sample. 
4. A second piece of circular graphite foil was placed on top of the powder. Another 
graphite punch was used to manually press the powder so both punches had parts 
inside the die. Figure 4.1 shows a schematic diagram of the assembly. 
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5. The assembly was then pressed in a uniaxial hydraulic press at 50MPa. This step 
was to assure that the assembly could be pressed up to 50MPa in SPS. A uniaxial 
hydraulic press with a safety cover should be used. 
6. The assembly was then covered with a graphite foam to reduce heat loss during the 
heat treatment. The foam should not cover the hole in the die, which was used for 
temperature reading. 
7. The assembly was then placed into the SPS and its position was adjusted so the 
hole in the die aligned with the pyrometer. An initial load of 10MPa was applied. 
8. The chamber was vacuumed to a pressure below 7×10-3Pa (5×10-5 Torr). Then 5% 
H2-N2 mixture was flowed through the chamber before starting the program. 
9. The temperature was set to ramp up to 650°C and hold for 3 h in the flowing gas. 
NiAl2O4 was reduced to Ni in the reducing atmosphere. At the end of the holding 
stage, the flowing gas was closed and the chamber was vacuumed again. 
10. After the holding stage, the temperature was set to ramp up to 1400°C, and the 
pressure was set to ramp up to 40 MPa at the same time. The temperature and 
pressure was held for 15 min, and then ramped down quickly to room temperature 
and 10 MPa, which was the initial condition. 
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Figure 4.1 Schematic diagram of the assembly of powder in an SPS die set. 
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4.4 Cutting, Polishing and Cleaning 
Most samples needed to be cut, polished and cleaned for further analysis. 
4.4.1 Cutting 
Samples were cut into small pieces for characterization and further heat treatment. Cutting 
was performed using a high-speed saw (Struers Inc., Cleveland, OH) fitted with a diamond-
coated blade (Norton | Saint-Gobain Abrasives, Worcester, MA). For all the as-sintered 
samples, a layer with about 2mm thickness was cut off from the top, bottom and sides to 
remove the region which may have been contaminated from the heat treatment process. 
Then the samples were cut into rectangular pieces with dimension of 3mm × 3mm × 2mm 
approximately. 
4.4.2 Polishing 
Samples were polished prior to heat treatments in which surface effect needs to be 
eliminated, including oxidation, reduction and GB groove annealing. Polishing is also 
necessary before characterizing samples in microscopes. 
Samples were first mounted using epoxy, which was a mixture of 10 parts resin and 1 
part hardener (Pace Technologies, Tucson, AZ) in weight. Then the mounts were placed 
under vacuum until there were no bubbles in the epoxy. The bubbles in the epoxy would 
form pores on the polishing surfaces of the cured epoxy. These pores could be sinks for 
particles, and bring large particles into the next steps and harm the polishing results. After 
vacuum, the mounts were placed in a hood for 24h for curing. The curing time can be 
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shortened by placing the mounts in an oven for 8h at 100°C. Once the mounts were cured, 
the samples were polished following the procedure below: 
1. The edges of samples were beveled first to avoid damage to the polishing cloth. 
2. 3 samples were assembled on a holder for an automatic polisher, Saphir 550 (Mager 
Scientific, Inc., Dexter, MI). 
3. 400-grit SiC paper was used to grind samples to remove the epoxy on the surface 
of samples and damaged surface layer due to cutting. The goal of each step of 
grinding and polishing is to remove the damage from the previous step. Switching 
to the next step using smaller abrasive particles was undertaken when there were 
no signs of improvement in the surface quality under an optical microscope using 
the current step. After each step, the samples were cleaned under running water 
using cotton and dried under a hand dryer to prevent cross contamination between 
each step. 
4. Then samples were polished on a no nap polishing cloth, MD-DAC (Struers Inc., 
Cleveland, OH), with 15µm diamond suspension, followed by using 9µm, 3µm and 
1µm diamond suspension (WENDT DUNNINGTON, Royersford, PA). Different 
polishing cloths were used for suspensions with different particle sizes to avoid 
cross contamination. 
5. Vibrating polishing was followed for samples which needed to be characterized 
using EBSD, a technique that needs a better polishing quality of surfaces. A 
vibratory polisher, Vibromet 1(Buehler Ltd., Lake Bluff, IL), was used with 
0.05µm colloidal silica (Remet, Utica, NY) to produce a better surface quality. 
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After polishing, mounts were immersed in boiled water for 20min to soften the epoxy. 
Then samples were taken out using tweezers carefully without damaging the polished 
surface. 
4.4.3 Cleaning 
The polished samples were placed in glass bottles with acetone and cleaned in an ultrasonic 
cleaner for 30min. This step was repeated by using ethanol and D.I. water. After cleaning, 
samples were dried under an I.R. lamp in the clean room. 
4.5 Annealing 
Samples were annealed at different conditions by using different furnaces. The CM box 
furnace was used to anneal samples in air. A M60 furnace (Centorr/Vacuum Industries, 
Nashua, NH) was used to anneal samples in reducing atmosphere by flowing 5% H2-N2 
mixture. A Lindberg/Blue M™ 1700°C Tube Furnace (Lindberg/MPH, Riverside, MI) was 
used to conduct both oxidation and reduction experiments. 
4.5.1 Oxidation 
The setup of the tube furnace is illustrated in Figure 4.2. HfO2 doped Al2O3-Ni samples 
were placed in an alumina crucible, which was then put on an alumina rectangular tray. 
The assembly was slid into the tube furnace using a taper ruler. The samples were placed 
at the center of the furnace. A type B thermocouple (OMEGA Engineering, INC., Norwalk, 
CT) was placed at the same position to measure the temperature. Prior to starting the 
program, the tube was pumped down to below 20mtorr and filled by extra dry pure O2 
(AIRGAS, INC., Radnor, PA). This step was repeated twice. Then pure O2 was flowed in 
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at around 200cm3/min. The annealing was conducted in the temperature range of 1095°C 
to 1400°C. 
It took several months to oxidize samples at 1095°C, 1120°C and 1150°C. These 
samples were put into the furnace at different locations while annealing samples at 1150°C 
to save experimental time. The locations were chosen based on a temperature-location 
profile measured before the runs. The samples were placed at the exact position carefully. 
When the annealing at 1150°C was finished, the samples were taken out and the annealing 
at 1120°C and 1095°C was continued. 
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Figure 4.2 Schematic diagram of the setup of the tube furnace for oxidation and reduction 
experiments. 
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4.5.2 Reduction 
Al2O3-NiAl2O4 samples were reduced at 1400°C using the same setup of the tube furnace 
as mentioned in 4.5.1. Different gas mixtures were used to create reducing atmospheres 
with different 𝑃O2 . 
For each gas mixture, 𝑃O2  was determined by thermodynamic calculation using 
composition provided by the manufacturers. At 1400°C, the annealing temperature, the 
following two reactions were both assumed to reach equilibrium. 
 2H2 + O2 = 2H2O ( 4.1 ) 
 
 2CO + O2 = 2CO2 ( 4.2 ) 
The 𝑃O2 was calculated by solving the following two equations simultaneously. 
 
𝐾H2-H2O =
𝑃H2O
𝑃H2
2 ∙ 𝑃O2
 ( 4.3 ) 
 
 
𝐾CO-CO2 =
𝑃CO2
𝑃CO
2 ∙ 𝑃O2
 ( 4.4 ) 
𝐾H2-H2O and 𝐾CO-CO2 are the equilibrium constants of reactions ( 4.1 ) and ( 4.2 ). At 1400°C, 
𝐾H2-H2O=3.84×10
9 and 𝐾CO-CO2=6.20×10
8 respectively[60]. By assuming the amount of O2 
reacted in ( 4.1 ) and ( 4.2 ) is x and y respectively, the amount of each gas can be calculated 
in terms of x, y and the initial composition. Then these numbers were substituted into Eq. 
( 4.3 ) and ( 4.4 ) to calculate the equilibrium 𝑃O2. It can be proved that the solution exists 
and is unique. When the amount of one component was too low to be measured, the 
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maximum amount was given by the manufacturer. In this case, the maximum and minimum 
𝑃O2  of that gas were both calculated using the limiting condition. The average of the 
maximum and minimum was used as the 𝑃O2  for that gas, and the half of the difference 
between the maximum and minimum was used as the error. Table 4.1 lists the composition 
of each gas mixture used for reduction experiments and its corresponding 𝑃O2  at 1400°C. 
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Table 4.1 Composition and equilibrium 𝑃O2 at 1400°C for each gas mixture used for 
reduction experiments. 
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4.6 Characterization 
Various characterization techniques were used to obtain properties of samples for further 
analysis. This section explains the experimental procedure while the results will be shown 
in the next chapter.  
4.6.1 Density Measurement 
Two methods were used to determine the density of samples. Archimedes’ method was 
used for samples with weight higher than 10g. The measurement error is negligible for 
heavier samples. An imaging method was used for lighter samples.  
Archimedes' method measured the bulk density, ρ, of samples. A microbalance (H51 
Metier, Switzerland) was used to measure all the weights that were used to calculate ρ. 
First, a sample was dried thoroughly and its dry weight, Wd, was measured first. Then the 
sample was emerged into D.I. water with 0.01% Brij (Thermo Fisher Scientific, Waltham, 
MA) in a glass beaker (Corning Inc., Corning, NY). The addition of Brij reduced the 
surface energy of water and allow water to go into the open pores of the sample easier. The 
beaker was then put into a desiccator and vacuumed for 3h. This step also helped the water 
go into the open pores of the sample. After that, the immersion weight of the sample, Wi, 
was measured while the sample was tied by a very thin and light finishing string. The 
sample was then taken out of the water and immediately wiped with of a piece of wet 
Kimwipe. This was meant to remove water from the surface of the sample while keeping 
the water within the open pores. Then the wet weight of the sample, Ww, was measured. 
The temperature of the water was recorded to calculate the density of the water. The bulk 
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density of the sample was calculated by Eq. ( 4.5 ). The relative density of the sample was 
calculated by dividing the bulk density by the theoretical density of alumina, 3.97g/cm3. 
 
𝜌 =
𝑊𝑑
𝑊𝑤 −𝑊𝑖
𝜌H2O ( 4.5 ) 
For a small sample, the measurement error in Archimedes’ method was relatively large. 
The imaging method was used to calculate sample density for small samples. The sample 
was polished at least down to 1μm. Then 10 SEM images were taken from different areas 
of the polished surface. After that, ImageJ was used to pick out all the pores in each image 
and calculate the area fraction of the pores for that image. The average and the standard 
deviation of the fraction for all the 10 images was used as the average porosity and the 
error of the sample[74].  
4.6.2 Grain Size Measurement 
The Linear Intercept Method was used to measure the grain size of the samples in oxidation 
and reduction experiments. After oxidation or reduction, the surface of samples showed 
apparent GB grooves, which could be used to identify the position of GBs. 10 SEM images 
were taken from different areas for each sample. Each image was then superimposed by 10 
lines with same length, l, but random orientation and position. Figure 4.3 shows an example 
of an SEM image superimposed by 10 random lines for grain size measurement. The 
number of GBs that intercepts each line, ni, was counted. ASTM Standard Test Methods 
for determining average grain size has a different definition of intercepts. But the method 
used by previous studies[15,16] was adopted in order to compare the results directly. For 
each sample, at least 500 intercepts were counted totally for statistical consideration. The 
average grain size, G, and its error, ΔG, were calculated using Eq. ( 4.6 ) and Eq. ( 4.7 ). 
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𝐺 =
∑
1.5𝑙
𝑛𝑖 + 1𝑖
100
 
( 4.6 ) 
 
 
∆𝐺 =
√
∑ (
1.5𝑙
𝑛𝑖 + 1
− 𝐺)2𝑖
99
 
( 4.7 ) 
1.5 was used as a conversion factor to estimate the spatial diameter based on 2-D 
measurement by assuming grains are spheres with the same size[75].  
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Figure 4.3 SEM backscattered electron (BSE) image of the surface of a sample 
superimposed by 10 random lines for grain size measurement. 
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4.6.3 Diffusion Depth Measurement 
After oxidation or reduction, the diffusion depth was measured for each sample. First, a 
sample was cut along the direction perpendicular to the polished surface. The as-cut surface, 
which is the cross-section of the sample, was polished by following the procedure 
mentioned in 4.4.2. The geometry is shown in Figure 4.4. Then the polished surface was 
looked at in SEM to measure the diffusion depth. About 10 images were taken for each 
sample along the edge shared by the polished cross section and the polished surface. To 
increase the accuracy of the measurement, each image was divided into several regions. 
The number of regions varies from 2 to 5, depending on the length of the region shown in 
the image. For each sample, at least 30 regions were examined to calculate the diffusion 
depth. In each region, two lines were drawn so that there were no reacted particles above 
the top line, and all the particles were reacted below the bottom line. In a few regions, the 
positions of the two lines were switched, which means that there were no particles between 
the two lines. Then the distances between the two lines to the edge of the sample were 
measured by using ImageJ[76], and the average of the two distances, xi, was used as the 
diffusion depth for this region. The average diffusion depth, x, and its error, Δx, were 
calculated using the following equations. 
 
𝑥 =
∑ 𝑥𝑖𝑖
𝑁
 ( 4.8 ) 
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𝛥𝑥 = √
(𝑥𝑖 − 𝑥)2
𝑁 − 1
 ( 4.9 ) 
where N is the number of the regions that has been examined for the sample. 
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Figure 4.4 Schematic diagram showing the procedure of sample preparation for diffusion 
depth measurement. The top surface of the sample was polished before annealing. (a) 
After annealing; (b) Cut across the polished surface; (c) Polish the cross section. 
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Figure 4.5 SEM image of a cross section of a sample divided into 3 regions for diffusion 
depth measurement. 
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4.6.4 TEM Sample Preparation by FIB 
TEM samples were prepared using a focused ion beam (FIB) (Scios™ DualBeam™, FEI, 
Hillsboro, OR) and NanoMill® (Model 1040, E.A. Fischione Instruments, Inc. Export, PA). 
The FIB was used to mill samples using Ga ions at 30kV and 5kV to make lamella shape 
sample for TEM. The NanoMill® was used to clean the damage on the samples from FIB. 
The main procedure is described as below:  
1. A layer of platinum with about 2μm thickness was deposited on an area of interest. 
The platinum layer protected the part of the sample underneath from ion beam 
milling. 
2. Two trenches were made on each side of the Pt using high current. A lamella was 
left between the trenches. Each side of the lamella was cleaned using lower current. 
3. A J-cut was performed to prepare for the lift-out of the lamella. A complete cut 
through the sample is important for the next step. 
4. The lamella was attached to the needle using Pt deposition. After that, the lamella 
was cut off from the sample and lifted out with the needle. 
5. The lamella was attached to a molybdenum grid using Pt deposition. After that, the 
lamella was cut off from the needle. 
6. Both sides of the lamella were cleaned alternatively until the lamella was electron 
transparent. Lower current and voltage of ions were used as the lamella became 
thinner. A sample with thickness less than 100nm is ideal for TEM characterization. 
7. The grid was taken out of the FIB and put in the NanoMill®. After both sides of the 
sample were cleaned using Ar ions, the sample was ready for TEM characterization.  
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Figure 4.6 illustrates the steps involved in the preparation of TEM sample by FIB. 
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Figure 4.6 SEM images illustrating the steps involved in the preparation of TEM sample 
by FIB[77]. (a) Make two trenches; (b) Insert needle; (c) Attach the lamella to the needle; 
(d) Cut off the lamella from the sample; (e) lift out the needle with the lamella; (f) Attach 
the lamella to the grid; (g) Cut off the lamella from the needle; (g) Thin the lamella. 
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4.6.5 Grain Boundary Characterization by TEM 
Grain boundary structures were characterized by using a JEOL 2000FX (JEOL USA, Inc., 
Peabody, MA) and JEM-ARM200F (JEOL USA, Inc., Peabody, MA). They were both 
operated at 200kV. JEM-ARM200F was equipped with a spherical aberration corrector, 
and has atomic resolution. TEM samples were checked by using JEOL 2000FX, and the 
structural and chemical information were characterized by using JEM-ARM200F.  
In order to get the structural information of a GB, the sample was tilted to satisfy two 
conditions. The GB was closer to the edge-on condition, in which there was no projection 
of the adjacent grains on the GB. And one adjacent grain of the GB was tilted to a zone-
axis condition, in which a lattice image could be obtained from the grain. Once these two 
conditions were both satisfied, images were taken to record the structure of this GB. High-
Angle Annular Dark-Field (HAADF) STEM Imaging technique was used to study the 
segregation behavior of Hf at grain boundaries in alumina. This imaging technique is very 
sensitive to heavier elements. The scale of the HAADF image is proportional to the square 
of the atomic number of the elements. Hf (Z=72) can be easily detected in Al (Z=13) 
lattices. 
To get the chemical information of a GB, the sample was tilted to the condition that GB 
satisfied the edge-on condition. After that, EDS was taken from the GB. 
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CHAPTER 5 RESULTS AND DISCUSSION 
This chapter describes the experimental results and their implications. There are two parts 
in this chapter. The first is about the effect of oxygen partial pressure on the grain boundary 
transport in alumina (section 5.1). The second is about the effect of Hf-doping on the 
oxidation behavior in alumina. It focuses on the effect of Hf-doping at different 
temperatures. These results are described in section 5.2. 
5.1 Effect of Oxygen Partial Pressure on Grain Boundary Transport in 
Alumina 
The effect of 𝑃O2 on GB transport in alumina was studied. This section shows the setup of 
the experiments used to measure the transport rate, the results of the reduction rates at 
different 𝑃O2, and the discussion about whether point defect chemistry could be applied to 
explain GB transport in polycrystalline alumina. 
5.1.1 Experiment Setup 
In order to measure the transport in alumina over a large range of 𝑃O2 , reduction 
experiments, instead of oxidation experiments, were conducted. Figure 5.1 shows the 
schematic diagram of the experimental procedure. A dense alumina sample with Ni spinel 
particles was sintered first. The sample was then annealed in a reducing atmosphere. 
During reduction, NiAl2O4 particles were reduced to metallic Ni particles as shown in Eq. 
( 5.1 ). 
 
NiAl2O4 = Ni + Al2O3 +
1
2
O2 ( 5.1 ) 
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By measuring the reduction depth, x, as a function of annealing time, the reduction rate 
constant was obtained. The experiments were conducted at 1400°C under six different 
reducing atmospheres with 𝑃O2 from 1.3×10
-10 to 4.5×10-18. The detailed 𝑃O2  information 
is shown in 4.5.2. Under each 𝑃O2 , samples were annealed for different times to obtain the 
kinetic results. 
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Figure 5.1 Schematic diagram of the reduction experiments. 
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5.1.2 Microstructure 
Figure 5.2 shows an SEM image of an as-sintered sample. Before reduction, all the second 
phases were spinel particles, which were uniformly distributed in the alumina matrix. The 
volume fraction and the average size of the spinel particles were determined using a series 
of SEM images. The measured volume fraction was 3%, which is the same as the fraction 
calculated from the doping level. The average size of the spinel particles was 1μm. 
Figure 5.3 shows an SEM image of the surface of a sample after reduction under 
𝑃O2=7.2×10
-15 for 10h. No abnormal grain growth behavior was seen in any of the samples 
in the reduction experiments. The average grain size for each sample at different annealing 
conditions is listed in Table 5.1. Minimal grain growth was observed during annealing at 
1400°C. The grain sizes of all the samples were very close. For a given 𝑃O2 , the 
representative grain size was taken as the average of the final gran size values for samples 
annealed for different times – these are listed in Table 5.2.  
After reduction, spinel particles which were on the surfaces developed microporosity. 
Figure 5.4 shows an SEM image of a spinel particle that had undergone reduction. As 
confirmed by EDS, the bright dots are Ni particles. At the surface, the whole spinel particle 
was exposed to the reduction atmosphere, and there may be nucleation at multiple sites 
within the spinel particle, which could be a possible reason for the formation of this porous 
microstructure. Among the Ni particles formed after reduction, most of them were 
observed on GBs. This is probably because that the interfacial energy of a Ni particle at a 
GB is smaller than the interfacial energy of a Ni particle in the alumina lattice since there 
is more mismatch of alumina lattice at GBs. 
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Figure 5.5 shows SEM images of different samples annealed at 1400°C for 5h under 
different atmospheres. Compared with undoped alumina, the samples containing Ni spinel 
second phase exhibit deeper grain boundary grooves under both atmospheres. Furthermore, 
both undoped alumina and Ni spinel doped alumina samples have deeper grain boundary 
grooves following annealing in a reducing atmosphere compared to an oxidizing 
atmosphere. These observations are possibly due to the process of cation inward diffusion 
during reduction. Under low 𝑃O2  condition, aluminum interstitials, Al𝑖
∙∙∙, may form on the 
surface by following Eq. ( 2.17 ). The aluminum interstitials at GBs diffuse inward and 
results in the deeper grooves. It is also possible that Ni spinel doping and atmosphere 
changed the surface energy and grain boundary energy of alumina, and resulted in different 
dihedral angles at the interface of grain boundary and surface. 
Figure 5.6 shows an SEM image of the cross section of a sample reduced at 1400°C 
under 𝑃O2=4.5×10
-18 for 5h. The reduction front can be easily located due to the distinct 
BSE contrast between spinel particles and Ni particles. In the region between the surface 
and the reduction front, Ni spinel particles were reduced to metallic Ni particles, which are 
shown as bright particles in the image. Compared with the porous microstructure formed 
on the surface after reduction, these solid Ni particles were formed inside samples. This 
may be because for a spinel particle at the GB, the transformation will start at the GB that 
is closest to the surface and move across during reduction. Ahead of the reduction front, 
Ni spinel particles maintained their oxidized form, which are shown as the particles in grey 
color. The reduction depth was measured to calculate the rate constant. 
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The magnified image of the reduction front shows that most of the spinel particles were 
fully reduced. This indicates that diffusion determines the overall reduction process, by 
following the analysis for oxidation experiments[15,78]. If reduction reaction determined 
the overall process, which means the rate of reduction reaction is lower than the rate of 
diffusion, partially reduced particles would be seen at different locations in the reduced 
region. If the rate of reduction reaction was comparable with the rate of diffusion, partially 
reduced particles would be seen near the reduction front. But both two cases were not 
consistent with the experimental results.  
Figure 5.6 also shows that there is a higher degree of porosity in the reduced region 
compared to the non-reduced region. And there are much more pores near the surface of 
the sample. These pores could be formed during cutting and polishing when the Ni particles 
were pulled out. Assuming pull-out was not the reason for these pores, the formation of the 
pores could be due to the volume shrinkage from NiAl2O4 to Al2O3 and Ni. Based on molar 
volume of NiAl2O4 (39.34cm
3/mol), Ni (6.59cm3/mol) and Al2O3 (25.55cm
3/mol)[60], the 
volume shrinks 18% from reducing NiAl2O4 to Ni and Al2O3. However, since much more 
pores were located near the surface, cation inward diffusion is more reasonable to explain 
the phenomena, which is consistent with the observations of GB grooving discussed above. 
During reduction, the sample lost O2 as described in Eq. ( 5.1 ). This can be achieved by 
oxygen vacancies inward diffusion or/and aluminum interstitials inward diffusion. The 
discussion in 2.4 shows that oxygen interstitials and oxygen molecules are not favored in 
alumina. If oxygen vacancies outward diffusion was the only mechanism, the porosity 
would be uniform across the reduced region since aluminum ions stayed at their sites all 
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the time. The higher porosity near the surface is consistent with aluminum interstitials 
inward diffusion during reduction. 
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Figure 5.2 SEM BSE image of Ni spinel doped alumina sample sintered at 1600°C for 
5h. 
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Figure 5.3 SEM BSE image of the surface of a sample reduced at 1400°C under 
𝑃O2=7.2×10
-15 for 10h. 
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Table 5.1 Grain sizes of samples after reduction under different 𝑃O2  for different times. 
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Table 5.2 Average grain sizes of samples after reduction under each 𝑃O2. 
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Figure 5.4 SEM BSE image of a reduced spinel precipitate in a sample reduced at 
1400°C under 𝑃O2=7.2×10
-15 for 10h. 
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Figure 5.5 SEM images of spinel containing and undoped alumina samples annealed at 
1400°C for 5h under different atmospheres. 
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Figure 5.6 SEM BSE images of the cross section of a sample reduced at 1400°C under 
𝑃O2=4.5×10
-18 for 10 h. 
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5.1.3 Reduction Rates 
Under each 𝑃O2 , the reduction depth was measured as a function of annealing time. Figure 
5.7 shows the plot of the square of the reduction depth versus reduction time for two 
different gas chemistries, but similar 𝑃O2 . The linear relationship is consistent with 
diffusional transport as the rate controlling process. The rate constant under each 𝑃O2  is the 
slope of each line, which can be calculated by Eq.( 5.2 ). 
 𝑥2 = 𝑘𝑡 ( 5.2 ) 
where x is the reduction depth and t is the reduction time and k is the rate constant. Although 
all the samples in the reduction experiments have very similar grain size, Eq. ( 5.3 ) was 
used to calculate the corrected rate constant to compare between different samples based 
on Eq. ( 2.7 ) and ( 2.8 ).  
 𝑘𝑐 = 𝑘×𝐺 ( 5.3 ) 
where 𝑘𝑐 is the corrected rate constant and G is the average grain size. In the discussion, 
rate constant refers to the corrected rate constant.  
Table 5.3 shows the corrected rate constants under these two 𝑃O2 . The small difference 
between the corrected rate constants indicates that the chemistry of the gas mixture has 
minimal effect on the reduction rates. For a direct comparison, only the results under the 
𝑃O2  controlled by hydrogen and oxygen gas mixtures were used for future analysis and 
discussion. 
Figure 5.8 shows the plot of the square of the reduction depth versus reduction time 
under the five 𝑃O2 controlled by hydrogen and oxygen gas mixtures. Linear relationship 
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was observed under each 𝑃O2. Table 5.4 shows the corrected rate constants under different 
𝑃O2 . Figure 5.9 shows the plot of corrected rate constant under different 𝑃O2 . 
It is worth to note that the data points in Figure 5.8 were corrected using data from short 
annealing experiments under each 𝑃O2. The correction removed the effect of the ramping 
temperature and the deviation of furnace temperature from the setting temperature on the 
reduction, and allowed the data to be compared only in terms of annealing time. The details 
of the correction will be shown in Appendix A.  
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Figure 5.7 Plot of the square of the reduction depth versus reduction time under  
𝑃O2=1.3×10
-10 (controlled by H2 and O2 mixture) and 𝑃O2=9.2×10
-11 (controlled by CO 
and CO2 mixture). 
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Table 5.3 Corrected rate constants under 𝑃O2=1.3×10
-10 (controlled by H2 and O2 mixture) 
and 𝑃O2=9.2×10
-11 (controlled by CO and CO2 mixture). 
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Figure 5.8 Plot of the square of the reduction depth versus reduction time under five 
different 𝑃O2. 
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Table 5.4 Corrected rate constants under five different 𝑃O2. 
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Figure 5.9 Plot of corrected rate constants under different 𝑃O2.  
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5.1.4 Discussion 
Based on the results, several topics will be discussed. 5.1.4.1 discusses how 𝑃O2 affects 
grain boundary transport in alumina. 5.1.4.2 discusses whether point defect models can be 
applied to explain grain boundary transport behavior in alumina. 5.1.4.3 compares the 
reduction kc with the oxidation kc from previous studies. 
5.1.4.1 Dependence of the Kinetics of Grain Boundary Transport on 
Oxygen Partial Pressure 
To understand the dependence of reduction rates on 𝑃O2 , a quantitative expression of kc 
measured in the experiments under 𝑃O2  needs to be established. Eq. ( 2.6 ) shows how the 
flux of oxide formed is determined. Based on Eq. ( 5.1 ), the flux is  
 
𝐽NiAl2O4 =
𝑓NiAl2O4
𝑉NiAl2O4
𝑑𝑙
𝑑𝑡
 ( 5.4 ) 
where 𝑓NiAl2O4 is the volume fraction of NiAl2O4 particles inside the sample, 𝑉NiAl2O4 is the 
molar volume of NiAl2O4, l is the reduction depth and t is the reduction time. Substituting 
Eq. ( 5.4 ) into Eq. ( 2.6 ), the expression of kc is described by Eq. ( 5.5 ). 
 
𝑘𝑐 = 2𝑙
𝑑𝑙
𝑑𝑡
𝐺 = 𝐺
𝑉NiAl2O4
𝑓NiAl2O4
𝑅𝑇
4𝐹2
∫ 𝜎𝑡𝑖𝑜𝑛𝑡𝑒
𝑃O2
ℎ𝑖𝑔ℎ
𝑃O2
𝑙𝑜𝑤
𝑑ln𝑃O2 ( 5.5 ) 
From Eq. ( 5.5 ), it can be seen that any dependence of kc on the oxygen partial pressure 
can in principle be attributed to two different mechanisms. First, the 𝑃O2 inside the sample, 
which in reduction experiments is the 𝑃O2
ℎ𝑖𝑔ℎ
, is fixed by the equilibrium between metallic 
nickel and spinel. Based on results in the literature, this was taken as 4.7×10-8, which is the 
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equilibrium 𝑃O2  between Ni, NiAl2O4 and Al2O3[79,80]. It follows, therefore, that the 
lower the value of the external 𝑃O2  (𝑃O2
𝑙𝑜𝑤), the greater the 𝑃O2 gradient, and hence the larger 
the driving force for the reduction experiments. Second, the oxygen partial pressure can 
also affect 𝜎𝑡𝑖𝑜𝑛𝑡𝑒  by changing the concentrations of defect species or charge carriers 
within alumina GBs, assuming ionic diffusion in alumina GBs is conducted by the 
migration of defect species. The situation is complex because either ionic or electronic 
transport could be rate limiting, and there are multiple possibilities in terms of the dominant 
defect species or charge carrier. For example, assuming ionic transport is rate limiting, 
under highly reducing conditions the predominant defect species responsible for transport 
could be either oxygen vacancies or aluminum interstitials. Furthermore, the concentration 
of such defects would depend on whether the material is exhibiting nonstoichiometric 
behavior or not. 
To calculate the dependence of 𝜎𝑡𝑖𝑜𝑛𝑡𝑒 on 𝑃O2 , kc needs to be fit with ln𝑃O2  by a function. 
With the function, 𝜎𝑡𝑖𝑜𝑛𝑡𝑒 can be calculated from Eq. ( 5.6 ). 
 
𝜎𝑡𝑖𝑜𝑛𝑡𝑒 =
4𝐹2𝑓NiAl2O4
𝑅𝑇𝐺𝑉NiAl2O4
𝜕(𝑘𝑐)
𝜕ln𝑃O2
 ( 5.6 ) 
A linear fit between kc and ln(𝑃O2) was achieved with R
2 value of 0.94. The good linear fit 
suggests that 𝜎𝑡𝑖𝑜𝑛𝑡𝑒 is independent of 𝑃O2 . In other words, the effect of 𝑃O2  on kc is mainly 
due to the driving force, ln(𝑃O2
ℎ𝑖𝑔ℎ
)-ln(𝑃O2
𝑙𝑜𝑤), the difference of oxygen chemical potential 
on each side of the sample. Figure 5.10 shows the ratio between kc and the driving force of 
the transport, ln(𝑃O2
ℎ𝑖𝑔ℎ
)-ln(𝑃O2
𝑙𝑜𝑤), under each 𝑃O2 . A horizontal line can be drawn to fit the 
data within error. 
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Balmain and Huntz measured the electrical conductivity and ionic transference number 
of the alumina scale during the growth of alumina scale on a β-NiAl alloy[47]. Their results 
showed that kc is proportional to 𝑃O2
−0.03 under the 𝑃O2  range from 10
-14 to 10-6. This relation 
is close to 𝑃O2
0 , as the current work suggested. 
  
84 
 
 
Figure 5.10 The ratio between kc and the driving force of the transport, ln(𝑃O2
ℎ𝑖𝑔ℎ
)-
ln(𝑃O2
𝑙𝑜𝑤), under each 𝑃O2. 
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5.1.4.2 Feasibility of Applying Point Defect Chemistry Models to Explain 
Grain Boundary Transport in Alumina 
Point defect models are first assumed to be able to explain the transport behavior of 
polycrystalline alumina to examine whether point defect models can explain grain 
boundary transport in alumina. Wagner oxidation theory will be used to establish the 
relationship between point defect concentration and transport in alumina.  
During reduction, the slower diffusion species between electronic carriers and ions 
determines the overall transport. It can be seen from Eq. ( 5.5 ) in another form. 
 
𝑘𝑐 = 2𝑙
𝑑𝑙
𝑑𝑡
𝐺 = 𝐺
𝑉NiAl2O4
𝑓NiAl2O4
𝑅𝑇
4𝐹2
∫
𝜎𝑖𝑜𝑛
𝑡𝑖𝑜𝑛
𝑡𝑒
+ 1
𝑃O2
ℎ𝑖𝑔ℎ
𝑃O2
𝑙𝑜𝑤
𝑑ln𝑃O2  ( 5.7 ) 
Eq. ( 5.7 ) shows that when 𝑡𝑖𝑜𝑛 ≪ 𝑡𝑒, kc is mainly determined by 𝜎𝑖𝑜𝑛. Similarly, when 
𝑡𝑒 ≪ 𝑡𝑖𝑜𝑛, kc is mainly determined by 𝜎𝑒. As shown in 2.3, there is no agreement about the 
value of 𝑡𝑖𝑜𝑛 in alumina. In order to address the current topic, the two limiting cases will 
be considered. 
By way of illustrating the analytical approach employed in this study, the case where it 
is assumed that ionic transport is rate limiting, and that transport is occurring by oxygen 
vacancies will be considered. The same analysis can be applied to the conditions that the 
diffusion of aluminum, electrons or holes determines the overall transport. When ionic 
diffusion is rate limiting, Eq. ( 5.7 ) can be simplified to Eq. ( 5.8 ) using Eq. ( 2.2 ), and 
Eq. ( 2.8 ). 
86 
 
 
𝑘𝑐 = 2𝑙
𝑑𝑙
𝑑𝑡
𝐺 =
2𝑉NiAl2O4
𝑓NiAl2O4
∫ (𝛿𝐷O
𝐺𝐵𝐶O
𝐺𝐵 +
9
4
𝛿𝐷Al
𝐺𝐵𝐶Al
𝐺𝐵)
𝑃O2
ℎ𝑖𝑔ℎ
𝑃O2
𝑙𝑜𝑤
𝑑ln𝑃O2 ( 5.8 ) 
Oxygen diffusivity can be expressed by oxygen vacancy diffusivity using Eq. ( 5.9 ). 
 𝐷O
𝐺𝐵𝐶O
𝐺𝐵 = 𝐷𝑉O∙∙
𝐺𝐵𝐶𝑉O∙∙
𝐺𝐵 ( 5.9 ) 
where 𝐷𝑉O∙∙
𝐺𝐵  is the oxygen vacancy GB diffusivity and 𝐶𝑉O∙∙
𝐺𝐵  is the oxygen vacancy 
concentration at GB. Since 𝐷𝑉O∙∙
𝐺𝐵  is independent of oxygen vacancy concentration, it is 
constant over the 𝑃O2  gradient. Eq. ( 5.8 ) can be further simplified to Eq. ( 5.10 ). 
 
𝑘𝑐 = 2𝑙
𝑑𝑙
𝑑𝑡
𝐺 =
2𝑉NiAl2O4
𝑓NiAl2O4
𝛿𝐷𝑉O∙∙
𝐺𝐵 ∫ 𝐶𝑉O∙∙
𝐺𝐵
𝑃O2
ℎ𝑖𝑔ℎ
𝑃O2
𝑙𝑜𝑤
𝑑ln𝑃O2 ( 5.10 ) 
The dependence of 𝐶𝑉O∙∙
𝐺𝐵 on 𝑃O2  is determined by point defect models. By considering how 
𝐶𝑉O∙∙
𝐺𝐵  depends on 𝑃O2  using point defect models, the dependence of kc on 𝑃O2  can be 
calculated. Two distinct models that both assume ionic transport is rate limiting, and 
transport is occurring by oxygen vacancies will be considered first. Then, this analysis will 
be applied to all the other possible point defect models. 
5.1.4.2.1 Oxygen Vacancy-Extrinsic Model 
For the oxygen vacancy (𝑉O
∙∙)-extrinsic model, oxygen vacancies are the rate-limiting 
species and their concentration, 𝐶𝑉O∙∙
𝐺𝐵 , is determined by an extrinsic factor, which is the 
concentration of NiAl
′  as the major impurity in this study. The nickel ions are assumed to 
occupy aluminum sites so that the corresponding point defect is NiAl
′ . This model has been 
used to explain point defect chemistry in alumina traditionally since the concentration of 
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intrinsic defects in alumina is believed to be much lower than the concentration of 
impurities. For this model, Eq. ( 5.11 ) describes the defect chemistry reaction. 
 2NiO
Al2O3
→   2NiAl
′ + 2OO
× + 𝑉O
∙∙ ( 5.11 ) 
𝐶𝑉O∙∙
𝐺𝐵 equals to half of the concentration of NiAl
′ . By substituting this relationship into Eq. 
( 5.10 ), the dependence of kc on 𝑃O2  can be expressed by Eq. ( 5.12 ). 
 𝑘𝑐 ∝ (ln𝑃O2
ℎ𝑖𝑔ℎ − ln𝑃O2
𝑙𝑜𝑤) ( 5.12 ) 
where 𝑃O2
ℎ𝑖𝑔ℎ
 is the equilibrium 𝑃O2  for Eq. ( 5.1 ) inside the sample, which is 4.7×10
-8, and 
𝑃O2
𝑙𝑜𝑤 is the 𝑃O2of the reducing atmosphere outside the sample. Based on this expression, 
the predicted ratio of kc values compared to kc at 𝑃O2=1.3×10
-10, kc/kc(𝑃O2=1.3×10
-10), was 
calculated. The results are shown in Table 5.5. 
5.1.4.2.2 Oxygen Vacancy-Intrinsic Model 
For the oxygen vacancy (𝑉O
∙∙)-intrinsic model, oxygen vacancies are the rate-limiting 
species and their concentration, 𝐶𝑉O∙∙
𝐺𝐵, is determined by an intrinsic factor, which is 𝑃O2. 
This is also the point defect model Kitaoka et al. used to explain the transport behavior of 
undoped alumina and doped alumina[5–9]. Eq. ( 5.13 ) describes the defect chemistry 
reaction. 
 
OO
×
Al2O3
→   𝑉O
∙∙ +
1
2
O2 ↑ +2𝑒
′ ( 5.13 ) 
It follows that the dependence of 𝐶𝑉O∙∙
𝐺𝐵 is given by Eq. ( 5.14 ). 
 𝐶𝑉O∙∙
𝐺𝐵 ∝ 𝑃O2
−1/6
 ( 5.14 ) 
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By substituting Eq. ( 5.14 ) into Eq. ( 5.10 ), the dependence of kc on 𝑃O2  can be expressed 
by Eq. ( 5.15 ). 
 
𝑘𝑐 ∝ (𝑃O2
ℎ𝑖𝑔ℎ−
1
6 − 𝑃O2
𝑙𝑜𝑤−
1
6) ( 5.15 ) 
Based on this expression, the predicted ratio, kc/kc(𝑃O2=1.3×10
-10), was calculated. The 
results are shown in Table 5.5. 
5.1.4.2.3 Oxygen Vacancy-Extrinsic Model vs. Oxygen Vacancy-Intrinsic 
Model 
The predictions from the oxygen vacancy-extrinsic model and the oxygen vacancy-
intrinsic model were compared with the experimental results. The results are shown in 
Table 5.5, and presented graphically in Figure 5.11. It is clear that the oxygen vacancy-
extrinsic model is consistent with the experimental results, while the oxygen vacancy-
intrinsic model is not. Note that because intrinsic defects are more likely to be dominant at 
higher temperature, the situation may be different at higher temperatures. Nonetheless, it 
is clear that at 1400°C or lower temperatures, the point defect model Kitaoka et al.[5–9] 
used to explain their results can’t be applied to alumina scales. 
This result is also consistent with the calculated oxygen vacancy concentration under 
the experimental conditions of the current study. Table 5.6 shows the calculated oxygen 
vacancy concentration in undoped alumina at 1400°C based on defect formation energies 
reported by Kroger et al.[43,52]. It can be seen that under 𝑃O2=1×10
-18, the oxygen vacancy 
concentration is at the level of 0.001ppm in undoped alumina. In the current study, there 
was Ni2+ present in the samples. Though there is no data about the solubility of Ni2+ in 
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alumina, it is reasonable to assume the solubility is more than 1ppm. Kroger et al. showed 
that there was 6.6ppm (in weight, 5.7ppm in molar) Ni present in a Ni-doped single crystal 
alumina[43]. A recent atom probe tomography study showed that there was about 700ppm 
Ni present in the grains of a Ni-doped alumina sample. It is clear that there were more 
oxygen vacancies formed from impurities than from intrinsic (𝑃O2) under the experimental 
conditions of the current study. In other words, the oxygen vacancy concentration is 
determined by the impurity level instead of 𝑃O2 , which is consistent with the oxygen 
vacancy-extrinsic model. 
Heuer et al.[20] claimed that thermally grown alumina scales are “remarkably free of 
impurities”, and that the oxygen vacancy concentration is determined by 𝑃O2  in alumina 
scales inspired from the results of the high temperature oxygen permeation experiments 
Kitaoka et al. reported[5–9]. However, results from literature contradict Heuer’s claims. In 
Heuer’s paper[20], he cited a reference about an atom probe tomography (APT) study on 
alumina scales[81]. The reference concluded that alumina scales formed at temperatures 
above 1000°C were free from impurities. But in that paper, samples were counted as “free 
of impurities” when their concentrations were less than 1000ppm. Impurities present in the 
scales with concentration less than 1000ppm were not quantitatively measured. Actually, 
the results in this paper showed that Ni segregated at interfaces between a FeCrAl alloy 
and the scale grown on it, and there were Ni dispersed in the scale as well. This paper also 
showed the existence of Fe, Cr and Ni in a scale grown on a Ni-based alloy. Other APT 
studies also showed the existence of impurities in alumina scales[82–86]. Seidman et al. 
studied an alumina scale grown on a single crystal Ni-based superalloy at 1000°C-1200°C 
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by APT and TEM, and found Cr, Ni, Co, Ru and refractory metal (RM) elements (Hf, Ta, 
W, Re) present in the scale[82]. Stiller et al. found Fe2+, Fe3+ Cr2+ and Cr3+ in an alumina 
scale grown on an FeCrAl alloy at 1100°C by APT[83,86]. Marquis et al. used ATP to find 
Zr, Hf, Y, Si and Ti in alumina scales grown in two TBCs at 1100°C[84,85]. Both TBCs 
had Ni-based alloys as the bond coat layers, and yttria-stabilized zirconia as the top coat 
layers. TEM observations and EDS measurements showed the presence of reactive 
elements (Zr, Y, Hf) at GBs in alumina scales grown on different alumina forming alloys 
(FeCrAl, MCrAlYHfSi, Ni-based alloy, Fe-based alloys and β-NiAl) from 1000°C-1500°C 
[37,87–89]. Moreover, a secondary neutral mass spectrometry (SNMS) study showed there 
were about 1at% Fe and Cr in the alumina scale grown on a FeCrAl alloy at 900-
1100°C[30]. From the studies on the chemistry of alumina scales by different methods, it 
can be seen that the claim that alumina scales are “remarkably free of impurities” lacks 
support.  
Based on the defect formation energies reported by Kroger et al.[43,52], the oxygen 
vacancy concentration in pure alumina is extremely low at the condition when alumina 
scales form. During the formation of an alumina scale, the oxygen vacancy concentration 
is highest in the alumina scale at the interface between the alloy and the scale, where 𝑃O2  
is the lowest. There is no direct way to measure this 𝑃O2, but several studies calculated the 
activities of Al at the interfaces for different alloys and used the thermodynamics of 
alumina formation to calculate the 𝑃O2  at the interfaces[4,90–92]. Table 5.7 lists the 
temperatures and 𝑃O2 at the scale-alloy interfaces reported in the literature, and the 
calculated oxygen vacancy concentrations in undoped alumina at the corresponding 
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conditions. At the temperatures and 𝑃O2  when alumina scales form, the oxygen vacancy 
concentrations in undoped alumina are less than 0.01ppm, which is much less than the 
impurity levels in the alumina scales. This means that the transport in alumina scales is 
independent of 𝑃O2 , which is consistent with the results of current study. 
Recent high temperature oxygen permeation experiments by Kitaoka et al.[5–9] at 
1650°C suggested a dependence of grain boundary diffusivities on 𝑃O2  in both undoped 
alumina and doped alumina, which was interpreted using the oxygen vacancy-intrinsic 
model. In their experiments to study the oxygen GB diffusion, the annealing temperature 
was 1650°C and the annealing 𝑃O2 was from 1×10
-12 to 1×10-5. Among these conditions, 
the lowest 𝑃O2  was 1×10
-12, however, the oxygen vacancy concentration in undoped 
alumina is only 0.038ppm at 1650°C under 𝑃O2 =1×10
-12 calculated using the defect 
formation energies reported by Kroger et al.[43,52]. As described in the paper, the alumina 
powder used in the permeation experiments has >99.99% purity, therefore, the oxygen 
vacancy concentration determined by 𝑃O2  was much lower than the impurity level in their 
samples. Accordingly, we contend that the oxygen vacancy-intrinsic model is not 
applicable, especially for the doped alumina samples. The dependence of permeation rates 
on 𝑃O2  that Kitaoka et al. observed could not be explained at this time. Roberts reported 
that during high temperature oxygen permeation, impurities could diffuse out from GBs in 
alumina and pores formed in the samples[93]. The concentration of impurities would be 
𝑃O2  dependent, and the interactions of impurities at high temperatures may balance their 
extrinsic effects and result in the intrinsic behavior Kitaoka et al. observed. 
5.1.4.2.4 Considerations of Other Possible Point Defect Models 
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So far, only the two models that assume ionic transport is rate limiting, and transport is 
occurring by oxygen vacancies have been considered. As mentioned in 5.1.4.1, either ionic 
or electronic transport could be rate limiting, and there are multiple possibilities in terms 
of the dominant defect species or charge carrier. Also, the concentration of such defects 
would depend on whether the material was exhibiting intrinsic or extrinsic behavior. 
Following the analysis of the two models mentioned above, other possible scenarios will 
be considered here.  
To consider other scenarios, Brouwer diagrams were used to represent how the 
concentration of a point defect depends on 𝑃O2. A Brouwer diagram shown as Figure 5.12 
was drawn for Ni-doped alumina, in which oxygen vacancies are assumed to be the 
dominant ionic defects to compensate NiAl
′ . The Figure 5.13 shows a Brouwer diagram 
drawn for Ni-doped alumina in which aluminum interstitials are assumed to be the 
dominant ionic defects to compensate NiAl
′ . The numbers labeled in the diagrams represent 
the exponents of the power functions of 𝑃O2 to describe defect concentrations. The letters 
labeled in the diagrams represent different scenarios corresponding to different models. 
For example, B represents the oxygen vacancy-intrinsic model considered above, and the 
number -1/6, which is next to A, represents the relation in Eq. ( 5.14 ).  
Both Figure 5.12 and Figure 5.13 have four regions. The outer two regions in each 
diagram represent intrinsic behavior of alumina, while the middle two regions are impurity 
controlled. For each diagram, the rightmost region was not considered since the 𝑃O2  range 
for this region is quite high, which does not match the experimental conditions of the 
current study. Without knowing whether electronic diffusion or ionic diffusion determines 
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the transport and the diffusivities of each species, both the dominant ionic defect and 
electronic defect were considered as possible rate limiting species in different 𝑃O2 ranges 
in Figure 5.12 and Figure 5.13. The results are summarized in Table 5.8. Since oxygen 
vacancy-extrinsic model is consistent with experimental results, the predictions from other 
models were compared with both experimental results and the predictions from the oxygen 
vacancy-extrinsic model. The comparison results are shown graphically in Figure 5.14-
Figure 5.21. The scales of the y-axis in some of these graphs are different.  
After considering all the scenarios, predictions from model C, E, F, H and K are close 
to experimental results. Among them, model C and K assume ionic diffusion is rate limiting 
and the concentrations of the dominant ionic defects are determined by impurity level. 
Model E and F both assume electronic diffusion is rate limiting and the dominant species 
are holes. Model H assumes aluminum vacancies diffusion is rate limiting and the 
concentrations of aluminum vacancies are determined by 𝑃O2. 
But results in the literature show that model E, F and H could not represent the real 
condition. Based on the formation energies of defects from Kroger et al.[43,52], a 
quantitative Brouwer diagram was drawn based on the data reported from Kroger et 
al[43,52], shown as Figure 5.22. The concentration of NiAl
′ was assumed to be 100ppm to 
calculate the diagram. The diagram shows that under the 𝑃O2  condition used in the current 
reduction experiments, oxygen vacancies are the dominant ionic defects and electrons are 
the dominant electronic carriers. So model E, F and H are not applicable to the explain the 
results of the current study. 
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In summary, this part of discussion showed that oxygen vacancy-intrinsic model cannot 
explain grain boundary transport in alumina. Among all the possible scenarios, oxygen 
vacancy-extrinsic model is consistent with the experimental results and the results reported 
in the literature.  
It is worth to note that although the oxygen vacancy-extrinsic model is consistent with 
experimental results, how lattice point defects affect defects in grain boundaries in 
polycrystalline alumina is still not clear. Grain boundaries are much more disordered than 
lattice, the concentrations of defects at GBs are expected to be much higher than those in 
the lattice. The experimental results and the above analysis suggests that the concentration 
of defects at grain boundaries in alumina are fixed by impurities. To understand the 
quantitative relationship between impurity level and the concentrations of defects at GBs, 
more studies need to be done. 
  
95 
 
Table 5.5 The predicted ratio of the kc values compared to kc at 𝑃O2=1.3×10
-10, 
kc/kc(𝑃O2=1.3×10
-10), calculated for both the oxygen vacancy-extrinsic model and the 
oxygen vacancy-intrinsic model. Ratios obtained from the experimental data are included 
for comparison. (Both models assume ionic diffusion is rate limiting and that oxygen 
vacancies are the dominant ionic defects.) 
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Figure 5.11 Graph of kc ratios, kc/kc(𝑃O2=1.3×10
-10), as a function of external 𝑃O2 . 
Experimental results and predictions from the oxygen vacancy-extrinsic model and the 
oxygen vacancy-intrinsic model are depicted. Both models assume ionic diffusion is rate 
limiting and that oxygen vacancies are the dominant ionic defects. 
  
97 
 
Table 5.6 Calculated defect concentrations from different defect types in alumina at 
1400°C. The defect formation enthalpies were from Kroger et al.[43,52]. The formation 
entropy was assumed to be 0.5meV/K for each defect and 2meV/k for O2[48,60]. 
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Table 5.7 Temperatures and 𝑃O2at the scale-alloy interfaces reported in the 
literature[4,90–92], and the calculated oxygen vacancy concentrations in undoped 
alumina at the corresponding conditions. Oxygen vacancy concentrations were calculated 
based on defect formation energies reported by Kroger et al.[43,52]. 
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Figure 5.12 Brouwer diagram for Ni-doped alumina with assumption that oxygen 
vacancies are the dominant ionic defects to compensate NiAl
′ . 
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Figure 5.13 Brouwer diagram for Ni-doped alumina with assumption that aluminum 
interstitials are the dominant ionic defects to compensate NiAl
′ . 
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Table 5.8 Summary of all possible models. For each model, the corresponding letter in 
Figure 5.12 and Figure 5.13, the rate-limiting species, whether the concentration of the 
rate-limiting species depend on impurity or 𝑃O2 , the corresponding figure, and whether 
the prediction is consistent with the experimental results are listed. 
Model Rate-limiting Species Impurity vs. 𝑃O2 Corresponding Figure 
Consistency with 
Experimental Results 
A 𝑒′ 𝑃O2 
Figure 5.14 NO 
B 𝑉O
∙∙ 𝑃O2 
Figure 5.14 NO 
C 𝑉O
∙∙ Impurity Figure 5.15 YES 
D 𝑒′ 𝑃O2 
Figure 5.16 NO 
E ℎ∙ 𝑃O2 
Figure 5.17 YES* 
F ℎ∙ Impurity Figure 5.15 YES* 
G 𝑉O
∙∙ 𝑃O2 
Figure 5.18 NO 
H 𝑉Al
′′′ 𝑃O2 
Figure 5.19 YES* 
I 𝑒′ 𝑃O2 
Figure 5.20 NO 
J Al𝑖
∙∙∙
 𝑃O2 
Figure 5.20 NO 
K Al𝑖
∙∙∙
 Impurity Figure 5.15 YES 
L Al𝑖
∙∙∙
 𝑃O2 
Figure 5.21 NO 
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Figure 5.14 Graph of kc ratios, kc/kc(𝑃O2=1.3×10
-10), as a function of external 𝑃O2 . 
Experimental results and predictions from the oxygen vacancy-extrinsic model, model A 
and B are depicted. Model A assumes electrons are rate-limiting species, and their 
concentration is determined by 𝑃O2 . Model B assumes oxygen vacancies are rate-limiting 
species, and their concentration is determined by 𝑃O2 . 
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Figure 5.15 Graph of kc ratios, kc/kc(𝑃O2=1.3×10
-10), as a function of external 𝑃O2 . 
Experimental results and predictions from the oxygen vacancy-extrinsic model, model C, 
F and K are depicted. Model C assumes oxygen vacancies are rate-limiting species, and 
their concentration is determined by impurities. Model F assumes holes are rate-limiting 
species, and their concentration is determined by impurities. Model K assumes aluminum 
interstitials are rate-limiting species, and their concentration is determined by impurities. 
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Figure 5.16 Graph of kc ratios, kc/kc(𝑃O2=1.3×10
-10), as a function of external 𝑃O2 . 
Experimental results and predictions from the oxygen vacancy-extrinsic model and model 
D are depicted. Model D assumes electrons are rate-limiting species, and their 
concentration is determined by 𝑃O2 . 
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Figure 5.17 Graph of kc ratios, kc/kc(𝑃O2=1.3×10
-10), as a function of external 𝑃O2 . 
Experimental results and predictions from the oxygen vacancy-extrinsic model and model 
E are depicted. Model E assumes holes are rate-limiting species, and their concentration 
is determined by 𝑃O2 . 
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Figure 5.18 Graph of kc ratios, kc/kc(𝑃O2=1.3×10
-10), as a function of external 𝑃O2 . 
Experimental results and predictions from the oxygen vacancy-extrinsic model and model 
G are depicted. Model G assumes oxygen vacancies are rate-limiting species, and their 
concentration is determined by 𝑃O2 . 
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Figure 5.19 Graph of kc ratios, kc/kc(𝑃O2=1.3×10
-10), as a function of external 𝑃O2 . 
Experimental results and predictions from the oxygen vacancy-extrinsic model and model 
H are depicted. Model H assumes aluminum vacancies are rate-limiting species, and their 
concentration is determined by 𝑃O2 . 
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Figure 5.20 Graph of kc ratios, kc/kc(𝑃O2=1.3×10
-10), as a function of external 𝑃O2 . 
Experimental results and predictions from the oxygen vacancy-extrinsic model, model I 
and J are depicted. Model I assumes electrons are rate-limiting species, and their 
concentration is determined by 𝑃O2 . Model J assumes aluminum interstitials are rate-
limiting species, and their concentration is determined by 𝑃O2 . 
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Figure 5.21 Graph of kc ratios, kc/kc(𝑃O2=1.3×10
-10), as a function of external 𝑃O2 . 
Experimental results and predictions from the oxygen vacancy-extrinsic model and model 
L are depicted. Model L assumes aluminum interstitials are rate-limiting species, and 
their concentration is determined by 𝑃O2 . 
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Figure 5.22 Brouwer diagram for Ni-doped alumina. The numbers were calculated using 
the formation energy of defects from Kroger et al[43,52] as formation enthalpy and using 
0.5meV/K for each defect and 2meV/k for O2 as formation entropy.[48,60] The solubility 
of Ni in alumina is assumed to be 100ppm for the calculation. 
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5.1.4.3 Comparison of kc between Reduction Experiments and Oxidation 
Experiments 
The corrected rate constants measured in reduction experiments were also compared with 
the rate constants measured in oxidation experiments. Table 5.9 shows the oxidation rate 
constants of undoped, 500ppm Y-doped and 500ppm Hf-doped alumina samples oxidized 
at 1400°C along with the reduction rate constants of undoped alumina samples reduced at 
1400°C under 𝑃O2=7.2×10
-15. The data of undoped (oxidation) and 500ppm Y-doped 
(oxidation) is from Cheng et al.[15]. The reason to compare the oxidation rate constants 
with reduction rate constant under 𝑃O2=7.2×10
-15 is that the driving force for these two 
conditions are quite similar. To calculate the driving force for oxidation experiments, 𝑃O2
𝑙𝑜𝑤 
was taken as 4.7×10-8, which is the equilibrium 𝑃O2  for Ni, NiAl2O4 and Al2O3 at 1400°C 
used as 𝑃O2
ℎ𝑖𝑔ℎ
 for reduction experiments. The oxidation kc of undoped samples is 5 times 
larger than the reduction kc, while the oxidation kc of Y-doped and Hf-doped samples are 
smaller than the reduction kc.  
The discrepancy between the undoped samples under oxidation and reduction is 
unknown. One possible explanation is that since Ni outward diffusion left pores inside the 
oxidized samples, these pores provided fast path for oxygen diffusion and increase the 
oxygen chemical potential gradient, which helped oxygen diffuse inward and result in a 
higher kc during oxidation. Another possible explanation is that under oxidation and 
reduction conditions, the oxidation state of Ni is different, which had different effects on 
GB transport in alumina. During oxidation, Ni was at its oxidized form in the oxidized 
region. Cheng et al. showed that the presence of Ni2+ at GBs increased oxidation kc[94]. 
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During reduction, Ni was at its metallic form in the reduced region, in which GB transport 
may not be promoted as much as the region having Ni2+. Also, the driving force in oxidation 
experiments may be much larger than the calculated values in Table 5.6. Since the sample 
was sintered initially in an SPS at a very low 𝑃O2 condition, the 𝑃O2 inside the sample was 
lower than 4.7×10-8, the 𝑃O2  at the Ni particles while they were oxidizing. The larger 
driving force could explain that the oxidation rate was faster than reduction rate. More 
oxidation experiments on undoped samples under different 𝑃O2  are needed to explain the 
discrepancy. 
Figure 5.23 shows the ratio between kc and the driving force of these samples. The value 
of the ratio represents the kinetics of the transport by assuming the kinetics is independent 
of 𝑃O2 . Y-doping and Hf-doping effectively reduce the transport rate, which will be 
discussed further below. 
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Table 5.9 Corrected rate constants of different samples with similar driving force. The 
data of undoped (oxidation) and 500ppm Y-doped (oxidation) is from Cheng et al.[15]. 
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Figure 5.23 The ratio between kc and the driving force of the transport, ln(𝑃O2
ℎ𝑖𝑔ℎ
)-
ln(𝑃O2
𝑙𝑜𝑤), as a function of 𝑃O2under different conditions. 
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5.2 Effect of Temperature on Grain Boundary Transport in HfO2 
Doped Alumina-Ni Samples 
We next examine the dependence of the rate constants in Hf-doped alumina-Ni samples on 
temperature and grain boundary structures. The mechanism leading to the decrease in the 
grain boundary diffusivity and the correlation between kinetic properties and grain 
boundary structures will be discussed.  
5.2.1 Microstructure 
Figure 5.24 shows an SEM image of an as-sintered 500ppm Hf-doped alumina-Ni sample. 
There are two kinds of particles uniformly distributed in the alumina matrix. The larger 
ones are Ni particles with average particle size of 0.5μm, and the smaller ones are HfO2 
particles with average particle size of 0.1μm. The volume fraction of the Ni particles is 
0.5%, which is as same as the targeting volume fraction from doping. 
Figure 5.25 shows an SEM image of the surface of a 500ppm Hf-doped alumina-Ni 
sample oxidized at 1400°C for 5h. The bright particles on the surface are Ni spinel particles. 
There are also Ni spinel particles at the triple junctions and grain boundaries. The average 
area fraction of these particles is about 10%. If all the spinel particles were formed from 
the Ni particles on the surface, the area fraction should be 3%. This indicates that there was 
Ni outward diffusion in Hf-doped samples. Grain growth is minimal during oxidation. 
There was no abnormal grain growth observed in oxidized samples. Table 5.10 shows the 
average grain size of samples after oxidation at each temperature. 
Figure 5.26 shows the comparison of the surfaces of an undoped alumina-Ni sample and 
a 500ppm Hf-doped alumina-Ni sample oxidized at 1300°C for 6h. There were relatively 
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fewer Ni spinel particles formed on the surface of the Hf-doped sample. This result 
suggests that Hf-doping effectively retards the outward diffusion of Ni. 
Figure 5.27 shows an SEM image of the cross section of a 500ppm Hf-doped alumina-
Ni sample oxidized at 1400°C for 5h. The oxidation front can be easily located due to the 
distinguished contrast of Ni spinel particles and Ni particles. In the region between the 
surface and the oxidation front, Ni spinel particles were formed, as shown in grey color. 
On the other side of the front, Ni particles maintained their metallic form, as shown in 
bright color. The magnified image at the oxidation front shows most oxidized particles 
were fully oxidized. This indicates that diffusion determines the overall oxidation process. 
The oxidation depth was measured to calculate the rate constant. Figure 5.27 also shows 
porosity in the oxidized region. The formation of the pores was due to the Ni outward 
diffusion, which is consistent with the observation of the Ni spinel particles on the surface 
of the samples after oxidation. 
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Figure 5.24 SEM image of a 500ppm Hf-doped alumina-Ni sample sintered at 1400°C in 
SPS. 
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Figure 5.25 SEM image of the surface of a 500ppm Hf-doped alumina-Ni sample oxidized 
at 1400°C for 5h. 
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Table 5.10 Average grain size of 500ppm Hf-doped alumina-Ni samples oxidized at 
different temperatures. The results shown for 1250°C, 1320°C and 1400°C were from 
Wu[17]. 
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Figure 5.26 Surfaces of an undoped alumina-Ni and a 500ppm Hf-doped alumina-Ni 
sample after oxidation at 1300°C for 6h. The image of undoped alumina-Ni was from 
Cheng[95]. 
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Figure 5.27 SEM images of the cross section of a 500ppm Hf-doped alumina-Ni sample 
oxidized at 1400°C for 5h. 
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5.2.2 Oxidation Rates 
500ppm Hf-doped alumina-Ni samples were oxidized at seven different temperatures from 
1095°C to 1400°C. At each temperature, samples were annealed for different times to 
measure the oxidation rate at that temperature. As mentioned earlier, the microstructure at 
the oxidation front indicated that diffusion controlled the overall oxidation process. So, for 
each sample, the square of oxidation depth was plotted with the oxidation time. Figure 5.28 
shows these plots for samples oxidized at seven different temperatures. The linear 
relationship is consistent with diffusional transport as the rate controlling process. It should 
be noted that the rate constant at each temperature is given by the slope of the line 
corresponding to that temperature; the rate constants can be calculated by Eq. ( 5.2 ).  
Having extracted the rate constants, the corresponding values were compared at 
different temperatures. The results for 1250°C, 1320°C and 1400°C were from earlier work 
by Wu[17]. To compare samples having different grain sizes, Eq. ( 5.3 ) was used to 
calculate the corrected rate constants. Table 5.11 shows the corrected rate constants at 
different temperatures. Figure 5.29 shows the corrected rate constants of undoped alumina-
Ni and 500ppm Hf-doped alumina-Ni samples. The results of undoped alumina-Ni samples 
were from the earlier work of Cheng[15]. Clearly, for the temperature range considered 
here, Hf-doping decreases the oxidation rate in the alumina-Ni samples. We found that the 
activation energy for transport in undoped alumina-Ni samples is (450±10)kJ/mol, and the 
activation energy for transport in 500ppm Hf-doped samples is (540±15)kJ/mol using the 
results at all the temperatures. As discussed below, it is possible that the 500ppm Hf-doped 
alumina-Ni system undergoes a complexion transition. In that case, the activation energy 
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is (480±40)kJ/mol for the Hf-doped samples oxidized from 1250°C to 1400°C. For the Hf-
doped samples oxidized from 1095°C to 1200°C, the activation energy is (480±50)kJ/mol.  
Figure 5.30 shows the ratios of kc between undoped alumina-Ni samples and 500ppm 
Hf-doped alumina-Ni samples at different temperatures. At temperatures above 1250°C, 
the ratios were about 10, while the ratios increase from 10 to 30 below 1200°C, indicating 
a more beneficial effect of Hf doping on slowing down the oxidation rate in alumina-Ni 
samples. 
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Figure 5.28 Plot of the square of the oxidation depth of 500ppm Hf-doped alumina-Ni 
samples versus oxidation time at seven different temperatures. The results from 1250°C, 
1320°C and 1400°C were from Wu[17]. 
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Table 5.11 Corrected rate constants of 500ppm Hf-doped alumina-Ni samples at different 
temperatures. The results for 1250°C, 1320°C and 1400°C were taken from the work of 
Wu[17]. 
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Figure 5.29 Corrected rate constants of undoped alumina-Ni and 500ppm Hf-doped 
alumina-Ni samples at different temperatures. The results for undoped alumina-Ni 
samples were from Cheng et al.[15].The results for 500ppm Hf-doped alumina-Ni 
samples at 1250°C, 1320°C and 1400°C were from Wu[17]. 
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Figure 5.30 Ratios of corrected rate constants between undoped and 500ppm Hf-doped 
alumina-Ni samples at different temperatures. 
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5.2.3 Grain Boundary Structures 
To understand how Hf-doping slows grain boundary transport in alumina, grain boundary 
structures in 500ppm Hf-doped alumina-Ni samples oxidized at 1400°C and 1150°C were 
examined. 
Yu et al. have studied the segregation behavior of Hf4+ at grain boundaries in 
alumina[96]. Figure 5.31 shows a HAADF STEM image of a grain boundary in a 500ppm 
Hf-doped alumina-Ni sample oxidized at 1400°C for 5h. Together with EDS results, the 
bright dots at the GB were confirmed to be Hf4+ ions. Confirmed with DFT calculation, 
Hf4+ occupy Al3+ site at the GB. Moreover, using focal series imaging, it was confirmed 
that a monolayer of Hf4+segregated on the surface of the GB. The GB in Figure 5.31 also 
exhibits strong faceting behavior along (2-1-10) direction. 
For additional analysis, structures comprising 22 random GBs in 500ppm Hf-doped 
samples oxidized at 1150°C and 1400°C were characterized. (We note that Dr. Z. Yu 
collaborated in part of this work). Among all the characterized GBs, Hf4+ segregated at 
Al3+ sites, and some GBs exhibit faceting behavior while others did not. The latter 
boundaries were labeled as rough. Figure 5.32 shows two HAADF STEM images of GBs 
in Hf-doped samples oxidized at 1400°C. With one of the adjacent grains at different zone 
axes, both two GBs exhibits faceting behavior along (2-1-10). Figure 5.33 shows two 
HAADF STEM images of another two GBs in Hf-doped samples oxidized at 1400°C. Both 
GBs are non-facetted. Figure 5.34 shows two HAADF STEM images of two GBs in Hf-
doped samples oxidized at 1150°C. Although both GBs exhibit faceting behavior, the 
faceting planes are different. 
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The faceting behavior of the characterized GBs were summarized in the form of a facet 
plane distribution for samples oxidized at 1400°C and 1150°C, respectively. The non-
facetted GBs were labeled as rough. Figure 5.35 shows pie charts representing the facet 
plane distribution for samples oxidized at 1400°C and 1150°C. At 1400°C, a high 
frequency of grain boundaries exhibit (2-1-10) facets while, at 1150°C, a large proportion 
of boundaries is rough. The difference in the distribution of facet planes may correlate with 
the varying benefits of Hf-doping in decreasing oxidation rate in alumina. 
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Figure 5.31 HAADF STEM image of a GB in a 500ppm Hf-doped alumina-Ni sample 
oxidized at 1400°C[96]. 
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Figure 5.32 HAADF STEM images of faceted GBs in 500ppm Hf-doped alumina-Ni 
samples oxidized at 1400°C. 
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Figure 5.33 HAADF STEM images of rough (non-faceted) GBs in 500ppm Hf-doped 
alumina-Ni samples oxidized at 1400°C. 
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Figure 5.34 HAADF STEM images of faceted GBs in 500ppm Hf-doped alumina-Ni 
samples oxidized at 1150°C. 
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Figure 5.35 Facet plane distributions for 500ppm Hf-doped alumina-Ni samples oxidized 
at1400°C and 1150°C. 
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5.2.4 Discussion 
Based on these results, the discussion here will have two foci, namely: 1.) understanding 
the effect of Hf-doping on grain boundary transport in alumina, and 2.) understanding the 
role of Hf-doping in decreasing the oxidation rate in alumina at different temperatures.  
 
5.2.4.1 Effects of Hf-doping on Grain Boundary Transport in Alumina 
Figure 5.29 clearly showed that Hf-doping effectively slows down the oxidation rate in 
alumina. This effect of Hf-doping could be a combination of retarding cation GB diffusion 
and anion GB diffusion in alumina. 
The effect of Hf on cation GB diffusion can be explained by a site-blocking mechanism. 
In this study, atomic resolution HAADF STEM images showed that Hf4+ occupies Al3+ site 
at GBs. Hf4+ at GBs could block diffusion path of cations in alumina GBs. Figure 5.25 
shows that Hf-doping retards Ni outward diffusion, which supports the site-blocking 
mechanism. This is consistent with the previous work on the effect of RE on grain boundary 
transport in alumina. 
A previous study of the impact of Hf4+ concentration on grain boundary transport in 
alumina showed that the ratio of oxidation rate between undoped and Hf-doped alumina-
Ni samples has a linear relationship with the grain boundary coverage ratio of Hf4+ prior to 
saturation[16]. The results were rationalized with reference to the theoretical work by 
Saxton[97], who calculated the ratio between the value of the obstructed and unobstructed 
diffusion coefficient, D*, as a function of obstacle concentration C, for various 2-D lattice 
geometries. Saxton found that the diffusion results could be represented by the relationship 
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D* = 1-C/Cp, where Cp is the percolation threshold. The ratio of oxidation rates is 
analogous to D*, and thus the impact of Hf doping on grain boundary transport in alumina 
is consistent with site-blocking mechanism. 
Creep studies in alumina have also shown that the effect of RE dopants on the 
decreasing creep rate in alumina is consistent with site-blocking mechanism[63]. Al GB 
diffusion was believed to determine the creep rate in alumina. Simulation results showed 
that outsize ions segregating at GBs could block a few critical diffusive pathways of Al 
GB diffusion, which is again consistent with the site-blocking mechanism. 
The effect of Hf-doping on anion GB diffusion is more complex. The results from the 
current study alone cannot provide an unambiguous determination as to how Hf-doping 
affects oxygen GB diffusion in alumina due to the presence of Ni in the system. From the 
view of defect chemistry, Hf-doping could simply just counteract the effect of Ni on 
oxygen GB diffusion. Ni2+ in alumina introduces oxygen vacancy. With higher oxygen 
vacancy concentration, oxygen GB diffusion is expected to be faster. And doping with Hf4+ 
could compensate the effect of Ni2+, resulting in a lower oxygen vacancy concentration and 
thus slower oxygen GB diffusion. Therefore, the effect of Hf-doping on compensating the 
effect of Ni and on slowing down oxygen GB diffusion in undoped alumina could not be 
separated from current results. 
However, it can be shown that Hf-doping decreases oxygen inward diffusion in alumina 
based the results in literature and in the current study. Cheng et al.[94] showed that the 
presence of Ni alone enhanced transport by a factor of 2 relative to that for undoped 
alumina at 1300°C by comparing the rate constant in Ni doped alumina and undoped 
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alumina using a wedge-geometry bilayer sample setup. At 1320°C, the benefit of Hf-
doping is about 7. Assuming that doping with Ni would not decrease the oxidation rate in 
Hf-doped alumina, Hf-doping decreases the oxidation rate in undoped alumina by at least 
a factor of 3.5. Cheng et al.[94] estimated the contribution of Ni outward diffusion during 
oxidation is about 22% at 1300°C. Moreover, two-stage oxidation experiments showed that 
the contribution of Al outward diffusion to the overall oxidation is about 50% without RE 
doping and less than 20% with RE doping[10]. These results indicate that the effect of Hf-
doping on decreasing the oxidation rate in alumina by a factor of 3.5 is not purely due to 
the retardation of cation diffusion, which suggests that Hf-doping slows down oxygen GB 
diffusion as well in alumina.  
This contradicts the results of recent high temperature oxygen permeation experiments 
which showed that oxygen GB diffusivity was the same in 0.2% HfO2-doped alumina and 
undoped alumina, and dependent on 𝑃O2  according to intrinsic[7]. 5.1.4.2.3 showed that 
the dependence they found is not due to intrinsic. It could be from the change in GB 
chemistry at a high temperature, which may explain that oxygen GB diffusivity in 0.2% 
HfO2-doped alumina was as same as in undoped alumina. 
The effect of Hf-doping on slowing down oxygen GB diffusion in alumina can be 
explained by, for example, one or more of the following: a site-blocking mechanism, a 
bond-strengthening mechanism, a point defect chemistry mechanism and a GB structure 
transition mechanism. As mentioned earlier, effect of Hf4+ concentration on grain boundary 
transport in alumina can be rationalized by site-blocking mechanism. The presence of Hf4+ 
at GBs could block diffusion pathways of oxygen and increase the activation energy of 
138 
 
oxygen GB diffusion. Since the bonding energy between Hf and O (801kJ/mol) is higher 
than that between Al and O (501kJ/mol)[60]. It is reasonable to expect oxygen GB 
diffusion involves overcoming a higher activation energy with the presence of Hf. Also, 
from the point of view of defect chemistry, the presence of Hf4+ in alumina introduces Al 
vacancies, and results in lowering the concentration of O vacancies based on Schottky 
defect equilibrium. This could also explain the effect of Hf-doping on retarding oxygen 
GB diffusion in alumina. Last, Hf-doping may change the GB structure of alumina, which 
could result in changing oxygen GB diffusion in alumina. As shown in the next section, 
GBs with different structures may correlate with different kinetic properties in Hf-doped 
alumina. 
The discussion above assumes that it is ionic diffusion that determines the overall 
oxidation process in alumina. As mentioned earlier, it is still not clear to what content this 
assumption is valid. To understand this effect of Hf-doping on the oxidation rate in alumina, 
the transport mechanisms in alumina needs to be better understood. 
  
139 
 
5.2.4.2 Effect of Temperature on Oxidation Rates in Hf-doped Alumina 
Figure 5.35 shows that a larger proportion of boundaries was rough at a lower temperature. 
The reason of this phenomena is still unknown. Assuming all the GBs were at 
thermodynamically stable states, GBs typically tends to become rougher at higher 
temperatures. But the GB chemistry may also change as temperature increases, which 
could influence the thermodynamic states of the GBs. Kelly et al. found the relative grain-
boundary energies of Y-doped Al2O3 overall increases with increased temperature, 
attributed to a reduction in the grain boundary excess at higher temperature[98]. It is 
possible that the GB excess of Hf at different temperatures were different, which results in 
the structures of the GBs. 
Figure 5.30 shows varying effects of Hf-doping on oxidation rate at different 
temperatures. With a higher activation energy, Hf-doping would have greater benefit at 
lower temperatures. However, the observation of different facet plane distributions at 
corresponding temperatures shown in Figure 5.35 may correlate with the abrupt change in 
the beneficial effect of Hf-doping. These results together suggest it is possible that 500ppm 
Hf-doped alumina undergoes a complexion transition at temperature between 1200°C and 
1250°C.  
Complexion transitions in alumina have been found in many systems[69]. Dillon and 
Harmer studied grain boundary mobility in alumina over a large range of temperature and 
chemistry, and found that each type of complexions have unique grain boundary structure, 
which determines the transport property of that GB. Complexion transitions could result in 
a change of overall transport behaviors. 
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More recently, complexion transitions have also been found in several RE-doped 
alumina systems. Bojarski et al. studied the grain growth behavior in 450ppm Y-doped 
alumina and found a complexion transition happening between 1450°C and 1600°C[68,99]. 
At 1450°C and 1600°C, all the grains exhibit unimodal grain size, but the average grain 
size is much larger in the sample s annealed at 1600°C. At 1500°C, where not all the GBs 
have transformed to high temperature complexions, a bimodal grain size was observed. 
The coexistence of two or multiple complexions is the reason this abnormal grain growth 
behavior. 
Behera et al.[100] also found a complexion transition in 180ppm wt% Zr-doped alumina. 
A discontinuous increase in grain boundary mobility by over an order of magnitude within 
a narrow temperature window between 1550 and 1650 C was revealed. The discontinuity 
is attributed to a grain boundary complexion transition that occurs at about 1600 C. Since 
Zr and Hf have very similar chemical properties, a complexion transition in Hf-doped 
alumina is expected. And since 180ppm wt% is still below the solubility limit of Zr in 
alumina, the complexion transition temperature for Zr-doped or Hf-doped alumina would 
decrease when the doping concentration is beyond the solubility. 
If one assumes that a complexion transition happens between 1200°C and 1250°C in 
500ppm Hf-doped alumina, the data in Figure 5.29 should be fitted by two lines. One line 
is for the data above 1250°C with the same complexion type, and the other is for the data 
below 1200°C. The activation energies corresponding to these two complexions are both 
about 480kJ/mol, which is very close to the activation energy of the undoped data 
(450kJ/mol). This is consistent with the findings by Dillon and Harmer[69]. But without 
141 
 
further confirmation, no definitive conclusion can be drawn. The relationship between 
general grain boundary structures and the corresponding transport properties needs to be 
established to fully understand the varying effect of Hf-doping on slowing down the 
oxidation rate in alumina. 
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CHAPTER 6 CONCLUSIONS  
The first part of the work investigated the effect on 𝑃O2  on grain boundary transport in 
alumina. Reduction experiment were used to measure reduction rate constants under a large 
variation of 𝑃O2 . A higher rate constant was observed with a larger 𝑃O2 gradient across the 
sample. Under the 𝑃O2 range of the current study, it was shown that the effect of 𝑃O2  on 
rate constants in alumina was mainly due to the 𝑃O2  gradient, which was the driving force 
of the transport. 𝑃O2  showed negligible effect on 𝜎𝑡𝑖𝑜𝑛𝑡𝑒 in the samples. The experimental 
results were also used to examine whether point defect models can explain grain boundary 
transport in alumina. It was found that at 1400°C or lower temperatures, the point defect 
model Kitaoka et al.[5–9] used to explain their results could not be applied to alumina 
scales. After examining all the possible point defect models, only the extrinsic model with 
ionic diffusion rate limiting was consistent with the experimental results. Transport 
mechanisms in alumina, the impact of bulk point defect concentration on grain boundary 
defect concentration, and the link between boundary defect concentration and transport 
need further study.  
The second part of the work studied the effect of Hf-doping on the oxidation rate in 
alumina at temperatures from 1095°C to 1400°C. Ni markers were used to track the 
oxidation front and thereby determined the oxidation rate. It was found that Hf-doping 
effectively slowed down the oxidation rate in alumina with a factor of 10 from 1250°C to 
1400°C, a factor of 20-30 from 1095°C to 1200°C. Grain boundary structures in Hf-doped 
samples oxidized at 1400°C and 1095°C were also characterized. The effect of Hf-doping 
on the retardation of grain boundary transport in alumina was consistent with a site-
143 
 
blocking mechanism. Furthermore, the grain boundary facet plane distribution at different 
temperatures may correlate with the varying benefits of Hf-doping in decreasing the 
oxidation rate, and suggested a possible grain boundary complexion transition occurring in 
the system. Further study is needed to establish the general grain boundary structures and 
transport properties. 
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CHAPTER 7 SUGGESTED FUTURE WORK 
To fully understand the transport mechanisms in polycrystalline alumina, the contribution 
of electronic conduction and ionic conduction must to be determined. This goal can be 
achieved by measuring electrical properties of the grown alumina during the oxidation of 
alumina forming alloys. These alloys need to have very high purity to avoid the effect of 
other ions on the transport in alumina. The goal can also be achieved by measuring 
electrical properties while conducting oxygen permeation experiments on undoped 
alumina. In these two experiments, the task of measuring electrical properties of alumina 
at high temperature is challenging. 
To understand the effect of Hf-doping on slowing down grain boundary transport in 
alumina, the structure and chemistry of a grain boundary needs to be correlated to its 
transport behavior. A study on oxygen diffusion and structure of individual general grain 
boundary in alumina is proposed. Dense alumina sample with relatively larger grain size 
will be first annealed under 18O environment. The annealing temperature and time need to 
be controlled so that, for most GBs, the diffusion depth of 18O is less than the GB length. 
After annealing, the SIMS imaging technique can be used to trace 18O concentration and 
diffusion depth in GBs. Interesting GBs can be labeled in SIMS as well. After that, TEM 
samples containing the GBs of interest can be made and the GBs characterized to study 
their structures and chemistries. The hope is that a correlation may be established. 
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CHAPTER 8 CONTRIBUTION 
The first part of the work showed the effect of 𝑃O2  on grain boundary transport in alumina. 
The effect of 𝑃O2 on rate constants in alumina was mainly due to the 𝑃O2  gradient, which 
was the driving force of the transport. 𝑃O2  showed negligible effect on 𝜎𝑡𝑖𝑜𝑛𝑡𝑒  in the 
samples. The results of this study provided useful information to high temperature alloy 
engineers that reducing the 𝑃O2  outside the scale can effectively decreases the oxidation 
rate of the alloy. The results also solved a scientific puzzle about the viability of applying 
an intrinsic nonstoichiometric point defect model to grain boundary transport in alumina. 
The results showed that the intrinsic nonstoichiometric model could not be applied to 
alumina at 1400°C or lower temperatures. Among all the possible defect models, only the 
extrinsic model with ionic diffusion as the rate limiting process was consistent with the 
experimental results. 
The second part of the work showed the effect of Hf-doping on retarding the oxidation 
rate in alumina. Close to the condition where alumina scales grow on Ni-based supper 
alloys, with the presence of Ni, Hf-doping decreased the oxidation rate by a factor of 10 
from 1250°C to 1400°C, and by a factor of 20-30 from 1095°C to 1200°C compared to 
undoped alumina. Observations of grain boundary structures in Hf-doped samples oxidized 
at 1400°C and 1150°C showed a difference in facet plane distributions. This difference in 
grain boundary structures may correlate with the varying effects of Hf-doping on retarding 
the oxidation rate in alumina at different temperatures. 
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APPENDIX A. CORRECTION OF THE REDUCTION DEPTH AS 
A FUNCTION OF ANNEALING TIME 
Reduction rate was calculated using the measured reduction depth and the annealing time 
for each reduction experiment, as mentioned in 5.1.3. However, the annealing time is not 
simply the holding time set in the program on the furnace. There are two contributing 
factors to the deviation.  
The first is the deviation of the actual temperature in the furnace from the programed 
temperature during the annealing. Figure A.1 shows the heating schedule and the measured 
temperature during annealing a sample at 1400°C under 𝑃O2=6.5×10
-13 for 5h. Above 
1000°C, the actual temperature started to deviate from the programmed temperature. And 
the actual temperature didn’t reach 1400°C at the time as programmed. This could be due 
to the heat loss through the tube. The result was that the actual holding time at 1400°C was 
not 5h as programmed. 
The second is that reduction started at temperature below 1400°C. Figure 5.29 showed 
that the activation energy of the oxidation of undoped Ni-alumina samples is about 
450kJ/mol. It is reasonable to assume that the activation energy of the reduction process is 
the same. Under this assumption, the reduction rate at 1370°C is more than half of the 
reduction rate at 1400°C. Since the actual temperature between 1370°C and 1400°C was 
about 0.5h, the annealing time was not the time that 1400°C was held. 
To calculate the reduction rate accurately, an annealing with short holding time was 
conducted under each 𝑃O2  to correct the annealing times for the other experiments under 
the same 𝑃O2 . During this short run, 1400° was assured to be reached. Figure A.2 shows 
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the measured temperature during annealing samples at 1400°C under 𝑃O2=6.5×10
-13 for 
1.5h and 5h. The actual temperature during ramping up and ramping down stages were 
almost identical in these two runs. The only difference between these two runs was the 
time that 1400°C was held for, which was 3.5h. With this information, the sample annealed 
for 5h can be treated as being annealed by two subsequent steps. First, the sample was 
annealed following the same procedure as the sample annealed for 1.5h, including the 
ramping up and ramping down stages. After this step, the reduction depth of the sample 
was as the same as the reduction depth of the one of the sample annealed for 1.5h, x(1.5h). 
Second, the sample was annealed purely at 1400°C for 3.5h. After this step, the reduction 
depth of the sample was measured as x(5h). Based on the Wagner’s oxidation theory, the 
reduction depth, x, and the annealing time, t, follows Eq. ( A.1 ) at a given temperature. 
 
∫ 2𝑥𝑑𝑥
𝑥2
𝑥1
= 𝑘 ∫ 𝑑𝑡
𝑡2
𝑡1
 ( A.1 ) 
where x1 and x2 are the corresponding reduction depths at time t1 and t2, and k is the rate 
constant. If t1 and t2 are the time the second step mentioned above started and finished, 
x(1.5h) and x(5h) are x1 and x2. k can be calculated by using Eq. ( A.2 ). 
 𝑥2
2 − 𝑥1
2 = 𝑘(𝑡2 − 𝑡1) ( A.2 ) 
 Under each 𝑃O2 , the reduction rate was calculated using the analysis described above. 
The reduction depth, x1, of a sample set to be annealed for a short time, t1, was measured. 
The results, xi and ti, from all the experiments under the same 𝑃O2  including x1 and t1 were 
corrected using x1 and t1. Reduction rate, k, was calculated by fitting 𝑥𝑖
2 − 𝑥1
2 as a linear 
function of 𝑡𝑖 − 𝑡1. The results are shown in Figure 5.7 and Figure 5.8.  
148 
 
 
Figure A.1 Heating schedule and measured temperature during annealing a sample at 
1400°C under 𝑃O2=6.5×10
-13 for 5h. The furnace run started at 0h, 30°C. 
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Figure A.2 Measured temperature during annealing samples at 1400°C under 𝑃O2=6.5×10
-
13 for 1.5h and 5h. Furnace runs started at 0h, 30°C. 
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